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PREFACE 


The  investigations  described  in  this  report  were  conducted  by  the 
Transportation  Sciences  Laboratory  of  the  Franklin  Institute  Research 
Laboratories  (FIRL)  under  Federal  Highway  Administration  (FHWA)  contract 
FH-11-8825.   Mr.  Michael  S.  Janoff  was  the  Principal  Investigator  for 
FIRL,  Messrs.  Richard  Schwab  and  Paul  McMahon  were  the  Program  Managers 
for  FHWA.   Ms.  Shelley  Launey  was  Program  Manager  for  FEA. 

This  report  in  two  volumes  describes  all  of  the  work  accomplished 
during  the  research  contract.   The  first  volume  includes  the  following: 

9  A  literature  review  covering  modern  lighting  methods,  the 
energy  use,  costs  and  benefits  of  lighting  and  the  relation- 
ships between  lighting  and  visibility,  traffic  operations, 
safety  and  crime. 

•  The  design  of  instrumentation  to  automatically  record 
visiblity  data. 

•  The  selection  of  test  sites,  field  visibility  measurements 
at  these  sites  and  determination  of  accident  histories  at 
these  sites. 

•  The  analysis  of  accident  and  visibility  data  to  develop  statis- 
tical relationships  between  visibility  and  accidents. 

•  The  development  of  a  computer  program  which  can  (1)  predict 
visibility  based  on  lighting  and  road  geometry,  pavement 
reflectance  characteristics  and  luminaire  distributions  and 
(2)  be  employed  as  a  user  oriented  package  for  designing  new 
lighting  systems  or  upgrading  existing  systems  on  arterial 
streets. 

•  The  development  of  lighting  system  costs  for  modern  designs. 

•  The  development  of  an  economic  analysis  methodology  for 
selecting  new  or  upgraded  lighting  systems  on  arterial 
streets. 

•  The  development  of  an  optimization  process  which  considers 
costs,  energy  use,  accident  or  visibility  improvements  and 
design  limitations  as  constraints  in  the  selection  of  new  or 
upgraded  lighting  systems  for  arterial  streets. 


XI 


•  The  determination  of  the  effect  of  reduced  or  more  efficient 
use  of  electric  power  on  visibility  and  accidents. 

The  present  volume  contains  a  Design  Guide  which  provides  the  lighting 
or  traffic  engineer  with  a  handbook  for: 

(1)  exercising  the  VI  prediction  computer  program 

(2)  use  of  the  economic/optimization  process  to  design 
new  or  upgrade  existing  arterial  lighting  systems  in 
urban  or  suburban  areas . 

The  authors  wish  to  thank  the  Philadelphia,  Chester  and  Cheltenham 
township  police  departments  for  their  cooperation  in  conducting  the 
experiments  and  in  addition  to  the  above,  the  Philadelphia  Streets  De- 
partment for  helping  us  obtain  all  necessary  accident  data.   We  also 
wish  to  thank  Dr.  Alan  Sockloff,  Temple  University  for  his  help  in  per- 
forming all  the  facets  of  the  statistical  analyses. 
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1.   INTRODUCTION  AND  BACKGROUND 

The  overall  objective  of  this  research  was  to  evaluate  the  cost 
effectiveness  of  several  selected  urban  and  suburban  highway  arterial 
lighting  treatments.   Benefits  evaluated  included  those  associated  with 
traffic  safety  and  traffic  operations.   Costs  included  monies  associated 
with  initial  installation,  conversion  of  luminaire  types,  energy  usage 
and  maintenance  of  various  lighting  treatments.   Figure  1  presents  an 
overview  of  the  research  program. 

1.1   OBJECTIVES 

The  program  was  divided  into  several  interrelated  parts,  and 
included  the  following  tasks : 

1.   Reviewed,  assimulated  and  critically  evaluated  the  available 
literature  on  highway  arterial  lighting.   These  included: 
Roadway  lighting  methods  and  specifications;  roadway  lighting 
costs,  the  relationship  between  roadway  lighting  and  traffic 
operations,  crime  and  visibility,  targets  for  visibility 
studies  and  photometric  measurement  parameters,  and  the 
energy  used  by  roadway  lighting  systems  „ 


Developed  a  computer  program  for  predicting  the  level  of 
visibility  provided  by  fixed  highway  illumination  systems. 

Selected  test  sites  at  which  visibility  was  measured.   These 
sites  included  examples  ranging  from  best  to  worst  of  various 
illumination  levels,  light  sources,  configurations,  locations, 
traffic  and  pedestrian  volumes  and  roadway  configurations. 
Of  primary  importance  was  both  an  estimate  of  visibility 
level  (based  on  lighting  and  roadway  geometry)  and  night- 
time accident  experiences.   The  sites  selected  had  at  least 
one  years'  accident  data  and  included  examples  ranging  from 
high  to  low  population  densities  in  3  neighborhood  types 
(Central  Business  District,  Outlying  Business  District  and 
Residential  Fringe) . 

Designed  apparatus  and  developed  a  methodology  for  field 
measurement  of  the  visibility  provided  by  highway  arterial 
lighting  systems.   Including:   illumination,  luminance, 
static  and  dynamic  visibility  and  their  distributions. 

Collected  and  analyzed  the  data  to  relate  visibility  variables 
to  nighttime  accident  history  variables. 
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6.  Determined  typical  costs  of  modern  arterial  lighting  systems  - 
including  capital,  depreciation,  installation,  maintenance 
and  operation  (energy) . 

7.  Developed  a  method  of  economic  analysis  for  determining  the 
effectiveness  of  arterial  lighting  systems  based  on  the  costs, 
projected  accident  reduction,  benefit/cost  ratios  and  other 
traffic  flow  or  esthetic  benefits. 

8.  Developed  a  method  for  determining  economic/energy  tradeoffs 

in  upgrading  existing  systems  to  more  effective  ones  -  including 
upgrade  costs,  energy  use  (changes),  benefit/cost  ratios  and 
visibility  (changes). 

9.  Developed  a  method  for  determining  optimum  lighting  system 
designs  based  on  visibility,  cost,  lighting  design  and  energy 
constraints. 

10.  Determined  the  impact  on  traffic  safety  of  more  efficient  or 
reduced  use  of  electricity  for  fixed  illumination. 

11.  Developed  a  practical  Design  Guide  which  will  assist  traffic 
engineers  and  highway  designers  in  designing  new  or  upgrading 
existing  lighting  systems. 

This  volume  contains  the  report  on  Task  11.   The  remainder  of  the 
tasks  are  covered  in  a  separate  Final  Report  (FHWA-RD-77-37) . 

1.2  BACKGROUND 

Before  reporting  on  the  results  of  this  program,  it  will  be  neces- 
sary to  review  two  items  which  are  fundamental  to  the  understanding  of 
the  research.   The  first  is  the  concept  of  visibility  and  the  visibility 
metric  derived  by  FIRL  in  past  research  (1) ,  while  the  second  is  a  com- 
puter program  developed  under  this  contract  to  predict  visibility  based 
on  lighting  design  parameters,  road  geometry  and  pavement  surface  reflec- 
tance characteristics. 

1.2.1  Visibility* 

Roadway  lighting  specifications  are  typically  given  as  units  of 
average  flux  with  limits  on  uniformity  or  dispersion.   Warrants  are 
typically  related  to  traffic,  geometric  and  road-use  conditions.   The 
specification  of  lighting  has  undergone  a  long  history  of  debate,  especi- 
ally as  attempts  are  made  to  provide  international  standards.   While 
there  is  much  disagreement  about  the  efficacy  of  certain  of  the  warranting 
criteria,  these  criteria  are  generally  recognized  as  being  open  for  dis- 
cussion and  compromise.   The  fundamental  source  of  disagreement  is  the 

*  See  Reference  (1)  for  more  complete  discussion  of  this  topic. 
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question  of  flux  units.   Many  groups  responsible  for  setting  such  stan- 
dards have  expressed  these  requirements  in  terms  of  pavement  luminance. 
Since  the  eye  requires  reflected  light  for  the  detection  of  objects  in 
space,  this  approach  is  clearly  related  to  the  needs  of  drivers.   While 
most  scientific  studies  on  the  visual  requirements  of  drivers  have  dealt 
in  similar  terms,  luminance  units  present  a  complex  dilemma.   The  basic 
problem  is  that  pavement  luminance  is  not  yet  easily  predictable  from 
knowledge  of  the  distribution  of  flux  output  by  the  various  luminaires. 
This  is  primarily  due  to  the  less-than-uniform  diffusion  of  light  re- 
flected off  paving  surfaces. 

The  human  visual-perception  mechanism  responds  subtly  to  small 
differences  in  luminance  intensity  and  exposure  duration.   It  is  funda- 
mental that  the  limitations  of  this  information-processing  system  must 
be  considered  in  the  context  of  the  human  operation  under  study.   It  is 
necessary,  therefore,  to  address  this  problem  in  terms  of  driver  informa- 
tion and  visibility  needs. 

In  order  to  determine  motorists'  visibility  needs  for  the  task  of 
detecting  an  obstacle  in  the  roadways,  rigid  control  of  the  independent 
variable  (visibility)  is  required.   In  addition,  a  precise  method  of 
measuring  the  responses  of  a  large  unbiased  sample  of  motorists  is 
essential. 

FIRL  developed  and  installed  a  variable  intensity  lighting  system 
on  an  actual  city  street  in  South  Philadelphia.  The  visibility  was  thus 
rigidly  controllable  over  an  extremely  wide  range  (2)  • 

Field  experiments  were  designed  and  conducted  at  this  location  to 
determine  the  time-separation  gap  at  which  unalerted  motorists  responded 
evasively  to  a  visual  problem  of  known  photometric  characteristics.  The 
basic  hypothesis  governing  this  research  was  that  the  time-separation 
gap  characterizing  the  responses  to  low  visibility  targets  should  be 
highly  constrained  and  thereby  correspondingly  shorter  than  the  gap 
characterizing  the  responses  to  a  target  of  higher  visibility. 

A  method  of  monitoring  the  vehicle  velocity  and  location  was  devised 
that  permitted  precise  tracking  of  unsuspecting  motorists'  responses  to 
the  visual  problem.   The  responses  of  over  1300  unalerted  drivers  under 
23  conditions  of  task  visibility  were  monitored  and  recorded  electroni- 
cally.  The  basic  performance  measure  was  target  intercept  time  (termed 
Time-to-Target) .   This  is  the  time-separation  between  vehicle  and  target 
at  the  point  of  an  evasive  maneuver.   Figure  2  illustrates  the  relation- 
ship. 
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Figure  2.  Regression  Line  for  Mean  Driver  Responses  (Raw  Data) 
and  Visibility  Index 
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The  Visibility  Index  used  as  a  measure  of  task  visibility  is  deter- 
mined by  the  following  expression: 

VI  =  C(RCST,  )  x  DGF 

Lb 

where  C  =  Physical  contrast  =  Lt  -  Lb 

Lb 
Lt  =  Target  Luminance;  Lb  =  Background  luminance 

where  C  =  Physical  contrast  =  rr 

RCS   =  Relative  contrast  sensitivity  for  drivers 
adapted  to  a  luminance  level  equal  to  Lb. 

DGF  =  Disability  glare  factor 

Lb    RCSLb' 


Lb1    RCST, 
Lb 

where         Lb'  =  Background  luminance  (Lb)  plus  veiling  luminance 

(Lv)  divided  by  a  correction  for  sphere  base 

glare. 

The  major  finding  was  that  drivers'  responses  to  a  target,  photo- 
metrically quantified  by  the  metric  described,  were  predicted  with  a  high 
degree  of  accuracy. 

1.2.2  Visibility  Prediction  Computer  Program 

1.2.2.1  Program  Description 

The  computer  program,  known  as  "VI",  was  originally  developed  to 
assist  in  the  evaluation  of  existing  roadway  lighting  systems  on  straight 
roadway  sections.   The  program  has  undergone  several  stages  of  refine- 
ment and  presently  is  capable  of  both  evaluation  and  design  of  roadway 
lighting  systems. 

The  VI  program  calculates  horizontal  and  vertical  illumination, 
(Eh  and  Ev)  and  the  luminance  of  a  target  (It)  of  user  specified  reflec- 
tance, at  each  point  in  a  roadway  grid  defined  between  two  adjacent 
luminaires  and  both  curb  lines.   For  each  target  point,  a  driver's  posi- 
tion upstream  and  a  background  area  downstream  are  defined.   Background 
luminance  (Lb)  of  the  roadway  area  which  lies  behind  the  target  from  a 
driver's  line  of  sight,  and  veiling  luminance  (Lv)  produced  by  each 
luminaire  downstream  of  the  driver  are  computed  for  each  grid  point. 
The  luminance  contrast  (C) ,  relative  contrast  sensitivity  of  the  eye  to 
background  luminance  (RCSLb) ,  relative  contrast  sensitivity  to  background 
plus  veiling  luminance  (RCSLb')  a  disability  glare  factor  (DGF)  and  Visi- 
bility Index  (VI)  are  calculated  for  the  simulated  driver  that  is 
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associated  with  each  grid  point.   The  mean,  standard  deviation  and  15th 
percentile  values  of  the  grid  array  of  each  of  these  parameters  may  also 
be  calculated  as  an  option. 

Output  may  be  in  either  U.S.  customary  or  S.I.  units,  depending  upon 
input  units. 

The  program  may  be  employed  to  evaluate  existing  roadway  lighting 
designs  using  the  conventional  parameters  of  illumination  and  roadway 
luminance  and  more  significantly,  by  using  the  visual  performance 
measures  of  glare,  contrast  and  Visibility  Index.   This  is  the  most 
direct  application  of  the  program.   The  user  must  specify  the  directional 
candlepower  distribution  of  the  luminaire  in  question,  the  directional 
reflectance  distribution  of  the  pavement  and  roadway  and  lighting  system 
dimensions  and  arrangement  characteristics.   The  relationship  of  these 
data  to  program  operations  are  shown  as  Inputs  (1.)  and  (2.)  in  Figure  3. 
The  user  may  select  or  suppress  the  printing  of  the  arrays  and/or  statis- 
tical summaries  of  any  of  the  calculation  parameters  by  specifying  cer- 
tain output  option  codes,  identified  in  Input  (3.)  in  Figure  3. 

The  program  may  be  used  as  a  design  tool  as  well.  For  any  combina- 
tion of  a  particular  luminance,  roadway  surface  and  roadway  geometry 
(width,  curb  height,  crown  slope,  etc.),  the  user  may  indicate  a  range 
for  variation  of  system  configuration,  overhang,  spacing  and  mounting 
height  in  Input  (3.).   The  design  option  program  will  then  generate  all 
system  combinations  within  those  ranges  and  identify  each  of  the  design 
configurations,  and  their  associated  photometric  and  performance  measure 
arrays . 

1.2.2.2  Program  Operation 

The  program  operates  as  a  series  of  loops  following  the  input  and 
storage  of  a  luminaire  candlepower  distribution  table  and  a  roadway 
directional  reflectance  table.   In  the  Analysis  version,  the  outermost 
loop  takes  successive  cases  from  Input  (2.)  and  Input  (3.)  data.   For 
each  case,  the  program  calculates  and  stores  an  array  of  location  coordi- 
nates for  each  luminaire  in  the  system.   The  next  inner  loop  defines  a 
roadway  grid,  and  identifies  a  driver,  target  and  background  location  for 
each  grid  point.   The  innermost  loop  examines  each  location,  one  at  a 
time,  and  calculates  and  sums  the  contribution  to  Eh,  Ev,  Lt,  Lb,  Lb' 
and  Lv  from  each  luminaire  in  the  system.  When  the  innermost  loop  is 
exited,  RCSLb,  RCSLb',  DGF,  C  and  VI  are  calculated  and  stored  for  each 
grid  point.   When  the  middle  loop  is  exited,  all  grid  points  have  been 
considered  and  output  may  be  printed.   Then,  a  new  case  may  be  read  in. 
The  design  program  works  the  same  way,  except  that  new  cases  are  gene- 
rated internally  as  incremental  steps  of  overhang,  mounting  height,  and 
spacing,  and  variations  in  arrangement  (single  side,  both  sides-staggered 
both  sides-opposite)  and  sidedness  (near,  far,  both). 
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(1.)  INPUT 

1 .  Luminal re 

Candlepower 

Distribution 

Table 

2 .  Roadway 

Reflectance 
Table 


(2.)  INPUT 

1 .  Roadway  Data 

2 .  Lighting  Hardware 

Data 

3.  Lighting  System 

Informat  ion 


Q.)  INPUT 


T 


Range  of  Variation 
of  Parameters  for 
Design  Progran 
Option 


(4.)  ANALYSIS 


Analyze  A 
Single  Illumi- 
nation System 
■v Design  _ 


(6. )  VI  CALCULATIONS 


Calculate 
Luminaire 
Location 
Array 


Calculate  Target 
Position  Grid, 
Background  and 
Observer  Information 


Calculate  Mean, 
Standard  Devia- 
tion, 15th  Per- 
centile of  Each 
Array 


Analysis 


♦ 

VARY: 

1 .  Configuration 

2 .  Overhang 

3.  Spacing 

4.  Mounting  Height /' 


A 


(7.)  DESIGN  PERFORMANCE  MEASURES 


Pes  i  gji 


Calculate  Mean, 
Standard  Devia- 
tion, 15th  Per- 
centile E^,  VI 


Criteria 
Satisfied  ^ 


(8)  OUTPUT  LISTING 


(Other  sites  with  Same   ) 


(.Luminaires  and  Pavement) 
( to  be  Examined         ) 


Print  Performance 
Measures : 
Eh.  Ey.  Lf  K>    1 
Lb'.  RCSLb,  RCS; 
DGF,  C,  VI;  aLso 
Means,  Standard  Devi- 
ations and  15th  Per- 
centiles 


Lb' 


YES  (Design  Program  to  Vary  Parameters) 


Figure  3.     Block  Diagram  of  VI  Program 
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The  program  is  organized  as  a  main  program,  in  which  the  photometric 
and  performance  parameters  are  calculated  and  five  subroutines.   The  sub- 
routines perform  the  functions  of  interpolation  for  candlepower  and  road- 
way reflectance,  statistical  calculations  for  mean,  standard  deviation 
and  15th  percentile,  output,  and  dump  for  in-depth  analysis  and  debugging. 

1.2.2.3  Validation 

The  computer  program  was  validated  by  comparison  with  field  measure- 
ments taken  on  the  7th  Street  Lighting  Test  facility  in  Philadelphia^). 
This  facility  is  an  isolated  city  block  on  which  the  input  voltage, 
arrangement  and  sidedness  of  the  lighted  luminaires  may  be  varied.   Photo- 
metric measurements  of  Lt,  Lb,  Lv  and  Eh  were  conducted  for  three  light- 
ing configurations,  using  freshly  cleaned  Westinghouse  OV  25  luminaires 
with  clear  mercury  lamps.   The  configurations  were: 

1.  Ill  ft.  (33.84m)  spacing,  both  sides,  opposite 

2.  Ill  ft.  (33.84m)  spacing,  single  side,  near 

3.  222  ft.  (67.68m)  spacing,  single  side,  near 

A  sample  of  the  roadway  surface  was  shipped  to  the  Transport  and  Road 
Research  Laboratory,  Crowthorne,  Berkshire,  U.K.,  where  the  sample  was 
goniometered  and  a  table  of  directional  reflectance  factors  were  produced. 

Comparison  of  computer  predicted  to  measured  parameters  indicated 
acceptable  levels  of  error,  averaging  11%  for  Lt,  7%  for  Lb,  and  12%  for 
Lv. 

The  report  on  the  research  is  organized  into  two  main  volumes: 
a  final  report  (FHWA-RD-77- 37)  covering  all  research  conducted  and  this 
volume,  a  Design  Guide  (FHWA-RD-77- 38) ,  which  is  provided  as  a  self  con- 
tained document,  and  which  describes  the  use  of  the  VI  program  and  the 
methodology  for  selecting  lighting  on  arterial  streets. 

This  Design  Guide  has  been  developed  for  the  engineer  who  is  faced 
with  the  responsibility  of  designing  new,  or  upgrading  existing  light- 
ing systems  on  urban  arterial  streets.   It  provides  a  methodology  for 
selecting  cost-effective  lighting  designs  and  contains  considerations 
of  economic,  energy,  accident  and  design  constraints  that  may  limit  the 
user's  selection  of  optimal  lighting  designs. 

This  guide  is  structured  into  three  distinct  parts 

1.  Directions  for  use  of  the  VI  computer  program. 

2.  Methodology  for  selecting  lighting  systems  for  new  or  unlit 
roadways . 

3.  Methodology  for  upgrading  existing  lighting  systems. 


2.0  DESCRIPTION  OF  VI  PREDICTION  PROGRAM 

The  computer  program  package  which  has  been  developed  applies  the 
concept  of  luminance  to  predict  Visibility  Index  on  arterial  roadways 
as  defined  by  Gallagher  (_1 , 2)  .   In  addition,  the  program  calculates 
horizontal  illumination  (Eh) ,  vertical  illumination  (Ev) ,  target  lumi- 
nance (Lt),  background  luminance  (Lb),  relative  contrast  sensitivity 
(RCSLb  and  RCSLb'),  veiling  luminance  (Lv) ,  and  disability  glare  factor 
(DGF) .   The  program  can  print  out  the  values  of  each  of  these  parameters 
for  each  point  on  a  user  specified  grid  defined  within  one  luminaire 
cycle.   A  summary  for  each  parameter  which  includes  mean,  standard 
deviation,  15th  percentile  VI,  and  three  measures  of  uniformity  (max/ 
min,  max/avg,  avg/min)  is  also  printed  for  all  grid  points  not  located 
on  either  curb  line  or  the  centerline  of  two-way  streets.* 

Two  options  are  open  to  the  user  within  the  structure  of  the  VI 
program. 

&     An  'analysis'  package  which  provides  the  user  with  a  method 
of  judging  the  effectiveness  of  the  existing  lighting  condi- 
tions of  the  arterial  of  interest.   Under  this  option  all 
existing  lighting  hardware  and  roadway  conditions  are  speci- 
fied by  the  user  and  are  input  into  the  program  as  a  single 
case  for  each  arterial  under  consideration.   The  user  may 
direct  that  any  or  all  of  the  eleven  possible  output  para- 
meters are  printed,  which  provides  the  user  with  the  data 
to  evaluate  the  system  under  consideration. 

•  A  'design'  package  which  provides  the  user  with  a  technique 
for  searching  out  the  most  cost  effective  new  system,  or 
evaluating  various  upgrading  options.   The  user  specifies 
an  initial  design  case,  and  lets  the  program  manipulate 
the  variables  to  seek  out  improved  alternatives.   The  user 
may  specify  any  value  for  VI15  as  the  lower  bound  visibility 
condition.   The  computer  program  uses  this  criterion  to 
report  only  new  design  alternatives  which  meet  or  exceed  that 
pre-specif ied  visibility  level. 

2.1   INPUT  REQUIREMENTS 

The  user  is  required  to  provide  three  basic  sets  of  input  informa- 
tion.  These  include  a  set  of  data  cards  which  specifies  the  candlepower 
distribution  of  the  particular  luminaire /lamp  combination  in  question, 
a  set  of  data  cards  which  specifies  the  directional  reflectance  factors 


*  A  copy  of  the  VI  program  is  on  file  at  FHWA  and  at  FIRL.  Copies  may 
be  obtained  by  writing  Richard  N.  Schwab,  Environmental  Design  and 
Control  Division,  Federal  Highway  Administration,  HES-^2,  Washington, 
D.C.  20590. 
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of  the  particular  roadway  surface,  and  finally  a  set  of  four  cards  which 
identify  the  specific  physical  details  of  each  site  which  will  be  ana- 
lyzed. 

The  first  set  of  data  cards,  for  the  candlepower  distribution,  is 
derived  from  luminaire  manufacturers'  specifications  or  goniometric 
testing.   The  data  contain  a  value  of  the  luminaire1 s  candlepower  at 
each  combination  of  11  vertical  angles  from  0  degrees  (nadir)  to  90 
degrees  (horizontal),  and  21  aximuth  angles  from  0   (perpendicular  to 
curbline)  to  180°.   The  vertical  angles  are  0,  5,  15,  25,  35,  45,  55, 
65,  75,  85  and  90  degrees.   The  horizontal  angles  are  0,  5,  15,  25,  35, 
45,  55,  65,  75,  85,  90,  95,  105,  115,  125,  135,  145,  155,  165,  175  and 
180  degrees.*  Decks  of  this  type  of  data  currently  exist  for  a  number 
of  lamp  sources  (175M,  400M,  150HPS,  400HPS) .  Data  is  available  for 
many  more. 

The  second  set  of  data  cards,  for  the  directional  pavement  reflec- 
tance values,  are  derived  from  photometric  measurements  of  the  reflec- 
tive characteristics  of  various  pavement  samples. +  In  essence,  this 
table  provides  the  factor  by  which  the  horizontal  illumination  from 
each  light  source  which  contributes  to  the  illumination  at  a  point  on 
the  roadway  must  be  multiplied  to  determine  the  luminance  of  that  road- 
way point  as  seen  by  a  driver.  A  directional  reflectance  factor  is 
required  for  each  intersection  of  15  vertical  angles  (0,  10,  20,  35, 
50,  60,  65,  70,  75,  80,  82,  84,  86,  88,  90  degrees)  and  37  horizontal 
angles  (0  to  180  degrees  at  5  degree  increments) .   Twelve  sets  of  data 
cards,  representing  various  types  and  conditions  of  pavement,  are  pre- 
sently available. 

The  third  input  requirement  is  a  set  of  four  cards  containing  the 
following  information: 


CARD  1.  Fixed  roadway  information: 

•  Location  of  study  site 

•  Road  width 

•  Lane  width 

•  Observer  to  target  distance 

•  Crown  slope 

•  Curb  height 


Field 

Card 

Length 

Colums 

10A5 

1-50 

F5.0 

51-55 

F4.0 

56-59 

F7.2 

60-66 

F6.4 

67-72 

F4.2 

73-76 

A 


Other  increments  could  be  incorporated  into  the  program  with  a  mini- 
mum of  programming  effort. 
+  A  complete  description  of  the  derivation  and  measurement  procedure 
for  directional  reflectance  factors  may  be  found  in  Reference  3 . 
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CARD  2.  System  hardware  and  configuration  data 


• 

Mounting  height 

F5.1 

1-5 

• 

Spacing 

F5.0 

6-10 

• 

Mast  arm  length 

F5.1 

11-15 

• 

Pole  setback 

F5.1 

16-20 

• 

Luminaire  type 

15 

21-25 

• 

Sideness  (near, 

far 

,  be 

th) 

12 

26-47 

• 

Arrangement (single 

side 

,  both 

op- 

12 

28-29 

posite  both  staggered) 

Offset  distance  for  staggered 
arrangement 

Target  height 

Observer  height 

Payment  surface  type 

Direction  of  traffic  operation 
(one-way,  two-way) 


CARD  3.  Variable  calculation  parameters 


F6.1 


30-35 


F5.2 

36-40 

F5.2 

41-45 

15 

46-50 

12 

51-52 

Field 

Card 

Length 

Columns 

15 

1-5 

15 

6-10 

15 

11-15 

15 

16-20 

F6.2 

21-26 

•  Number  of  cycles  to  be  considered 

•  Number  of  upstream  cycles 

•  Number  of  downstream  cycles 

•  Number  of  reference  luminare 

•  Candlepower  distribution  correction 
factor(lamp  life, dirt  depreciation, 
maintenance 

•  Directional  reflectance  correction 
factor (empirically  determined) 

•  Average  target  reflectance 

•  11  Selective  printout  codes 

•  Number  of  longtitudinal  roadway 
lines  from  curb  to  curb 

•  Number  of  transverse  roadway 
lines  in  the  cycle 


F6.2 


27.32 


F7.2 

33-39 

1-12 

40-61 

13 

62-64 

13 

65-67 

12, 


CARD  4.  Option  2,  specified  loop  FIELD      CARD 

parameters  and  minimum  VI  LENGTH    COLUMNS 

•  Option  code  XI        1 

•  Lower  bound (loop  index)  on  14        2-5 
mounting  height 

•  Upper  bound (loop  index)  on  14        6-9 
mounting  height 

•  Increment  of  mounting  height 

•  Lower  bound (loop  index)  on  spacing 

•  Upper  bound (loop  index)  on  spacing 

•  Increment  on  spacing 

•  Lower  bound (loop  index)  on  mast 
arm  length 

•  Upper  bound (loop  index)  on  mast         i4        30-33 
arm  length 


14 

10-13 

14 

14-17 

14 

18-21 

14 

22-25 

14 

26-29 

• 

Increment  of  mast  arm  length 

14 

34-37 

• 

Minimum  VI 

F8.3 

38-45 

• 

5  Selective  configuration  codes 

513 

46-60 

2.2  INPUT  DEFINITIONS 
Card  1: 


Study  site  -  any  descriptive  title  may  be  specified 

for  the  particular  site 

Road  Width  -  in  feet* 

Lane  Width  -  in  feet 

Observer  to  target  distance  in  feet.   Standard  271.8  ft. 

(82.9m)  is  suggested  based  upon  a  driver  whose  eye  level 

is  4.75  ft.  (1.45m)  above  the  roadway  and  whose  line  of 

sight  is  1°  below  horizontal 

Crown  slope  -  no  units,  ratio  of  the  difference  in 

elevation  of  the  road  surface  at  the  curb  and  at  the 

crown  or  center  line,  to  the  distance  from  curb  to  center 

line  -  may  be  estimated  at  1/8  inch  per  foot  (1cm 

per  meter)  =  .0104 


All  units  can  be  in  U.S.  Customary  or  SI,  as  long  as  the  user 
is  consistant. 
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•  Curb  height  -  in  feet;  may  be  estimated  at  0.5  ft.  (0.15m) 
for  most  urban  streets 

Card  2: 

•  Mounting  height  -  distance  from  base  of  pole  to  lumi- 
naire  height  in  feet 

o  Spacing  -  distance  between  two  luminaires  on  the  same  side 

of  the  street,  in  feet 
9     Mast  arm  length  -  distance  from  center  of  pole  to  center 

of  lamp  in  luminaire,  in  feet 
©  Pole  Setback  -  distance  from  curb  to  center  line  of  pole, 

in  feet 

•  Luminaire  type  -  a  one  digit  code  which  identifies  the 
luminaire  type,  code  numbers  defined  by  user 

9  Sidedness  -  the  codes  are  defined  at 

1  =  far  side,  left  hand  side  of  roadway  in  relation  to 
the  direction  of  travel 

2  =  near  side, right  hand  side 

3  =  both 

•  Arrangement  -  the  codes  are 

1  =  single  side 

2  -  both  opposite 

3  -  both  staggered 

•  Offset  distance  for  staggered  arrangement  -  longitudinal 
distance  between  a  luminaire  on  one  side  of  the  roadway 
and  the  next  luminaire  on  the  opposite  side  of  the  roadway 

•  Target  height  -  height,  in  feet,  of  center  of  target 
(0.25  ft.  (0.08m)  for  spherical  target  for  which  VI  is 
defined) 

e  Observer  height  -  height,  in  feet,  of  observer  (4.75  ft. 
(1.45m)  is  defined  as  driver  eye  height) 

•  Pavement  surface  type  -  a  user  specified  code  number 
identifying  pavement  type 

•  Direction  of  traffic  -  the  codes  are: 

1  =  one  way 

2  =  two  way 

Card  3: 

•  Number  of  cycles  to  be  considered  -  total  number  of 
luminaire  cycles  over  which  analysis  is  to  be  performed  - 
10  is  usually  sufficient  for  good  accuracy.  A  luminaire 
cycle  is  defined  as  the  smallest  integral  combination  of 
luminaires  (on  one  or  both  sides  of  a  street)  which 
establishes  a  repetitious  pattern  of  luminaire  placement. 
For  example,  in  a  street  which  has  all  luminaires  on  one 
side  of  the  roadway,  the  total  number  of  cycles  is  equal 
to  the  number  of  luminaires  minus  one  (N=l) .   From  a  point 
located  at  the  same  longitudinal  location  as  one  of  the 
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luminaires,  chosen  for  reference,  there  would  be  the  same 
number  of  upstream  and  downstream  cycles  as  upstream  and 
downstream  luminaires,  respectively.   On  a  street  with 
luminaires  located  in  a  staggered  arrangement  on  both 
sides  of  the  street,  a  cycle  is  defined  as  the  reoccurrence 
of  a  luminaire  on  the  same  side  of  the  street  as  the 
reference  luminaire  from  which  cycles  are  counted. 

•  Number  of  upstream  cycles  -  the  number  of  cycles  upstream 
from  the  luminaire  which  is  chosen  as  the  reference  lumi- 
naire -  three  is  usually  sufficient.  The  upstream  direc- 
tion is  always  from  the  target  to  the  observer,  regardless 
of  whether  the  street  is  one-way  or  two-way.  On  a  two-way 
street,  the  upstream  direction  is  defined  opposite  to  the 
direction  of  travel  of  vehicles  on  the  side  of  the  street 
which  is  undergoing  analysis.* 

•  Number  of  downstream  cycles  -  the  number  of  cycles  down- 
stream from  the  reference  luminaire.   Seven  is  usually  suf- 
ficient. 

•  Number  of  the  reference  luminaire  -  the  sequence  number 
assigned  to  the  reference  luminaire.   Sequence  is  counted 
from  upstream  to  downstream.   This  number  is  equal  to  the 
number  of  upstream  cycles  plus  one. 

•  Candlepower  distribution  correction  factor  -  a  single  num- 
ber, less  than  one,  which  accounts  for  reduction  in  lumen 
output  due  to  lamp  life,  dirt  depreciation,  maintenance, 
etc. 

•  Directional  reflectance  correction  factor  -  a  factor  which 
is  empirically  determined  -  for  FIRL  sample  pavement  it 
may  be  set  equal  to  2.8.   Must  be  determined  for  other 
surfaces. 

•  Average  Target  Reflectance  -  Value  for  standard  target 
for  research  is  0.18. 

•  Selective  printout  codes  -  code  2  suppresses  printout, 
code  1  commands  printout  of  tables  listing  horizontal 
illumination,  vertical  illumination,  target  luminance, 
background  luminance,  veiling  luminance,  Lb,  (veiling  + 
background),  RCSLb'  (Relative  Contrast  Sensitivity  for 
Lb'),  luminance  contrast,  relative  contrast  sensitivity, 
disability  glare  factor,  and  visibility  index,  respec- 
tively. 


*  A  value  of  each  of  the  output  parameters  cited  in  selective  printout 
codes  above,  will  be  printed  for  each  intersection  of  longitudinal 
and  transverse  roadway  lines. 
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Longitudinal  Roadway  Lines*  -  imaginary  lines  which 
divide  the  roadway  width  into  equal  increments  which  are 
oriented  parallel  to  the  curb  line.   The  number  must  be 
odd  for  two  way  streets;  at  least  3  for  a  one  way  street, 
and  at  least  five  for  a  two  way  street. 

Transverse  Roadway  Lines*  -  imaginary  lines  which  are 
oriented  perpendicular  to  the  curb  line  and  divide  the 
luminaire  cycle  length  into  equal  increments. 


Card  4: 

•  Option  code  -  users  choice,  either 

1  =  analysis 

2  =  design 

•  Lower  bound  on  mounting  height  -  user  specified  minimum 
desired  mounting  height,  in  feet,  for  use  in  'design' 
package 

•  Upper  bound  on  mounting  height  -  similarly  specified 
maximum  desired  mounting  height  in  feet 

e   Increment  of  mounting  height  -  step  size  desired  for 
iteration  over  minimum  to  maximum  height,  in  feet 

«  Bounds  and  increments  for  spacing  and  mast  length  are 
defined  the  same  as  the  mounting  height 

e  Minimum  VI15  -  lower  bound  visibility  condition  in  terms 
of  VI15 

•  5  Selective  configuration  codes  -  The  5  locations  in  the 
array  represent  the  following  configurations.   Note,  that 
near  side  is  defined  as  the  drivers  right  hand  side,  when 
facing  the  direction  of  the  traffic  flow. 

Location 

1  Single  side  far 

2  Single  side  near 

3  Dummy  code  (always  =0) 

4  Both  opposite 

5  Both  staggered 

2.3  CONSTRAINTS  ON  INPUT  DATA 

Certain  constraints  exist  on  the  input  data,  some  of  which  are 
applicable  to  both  options  and  some  to  a  single  option  only. 

For  both  options  the  number  of  longitudinal  roadway  lines  must  be 
odd  for  a  two-way  street;  odd  or  even  for  a  one-way  street.   There  must 
be  five  or  more  lines  for  a  two  way  street  and  three  or  more  for  a  one 
*  A  value  of  each  of  the  output  parameters  cited  in  selective  printout 

codes  above,  will  be  printed  for  each  intersection  of  longitudinal 

and  transverse  roadway  lines. 
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way  street.  All  data  must  be  entered  on  the  data  cards  -  blank  spaces 
on  some  of  the  data  fields  will  cause  fatal  errors.      These  errors  may 
simply  cause  termination  of  a  run,  or  they  may  cause  an  endless  loop 
situation  which  would  result  in  a  very  costly  run. 

For  only  the  first  option  (analysis)  the  first  three  data  cards 
(fixed  roadway  information,  system  hardware  and  configuration  data,  and 
variable  calculation  parameters)  remain  as  described  in  the  input  defi- 
nition section,  but  the  fourth  card  with  the  user  specified  loop  para- 
meters becomes  a  'dummy'  card.   Each  data  field,  except  the  5  selective 
codes,  on  this  card  must  be  filled  in  with  a  nominal  value  of  ONE,   and 
all  others  to  ZERO, 

For  option  two  (design) ,  modification  of  the  system  hardware  and 
configuration  data  (card  2)  is  necessary.   Since  mounting  height,  spac- 
ing and  overhang  become  loop  parameters  defined  by  card  4,  in  option 
two  the  values  for  these  variables  can  be  set  to  any  number.  A  nominal 
value  of  ONE   is  recommended.   Under  option  two,  the  configuration 
sidedness /arrangement)  is  also  a  loop  variable.   Initial  values  must  be 
given  to  these  two  variables.   The  sidedness  code  must  be  set  equal  to 
ONE,   and  the  arrangement  code  must  be  set  equal  to  ZERO,     No  other 
values  are  permitted.      The  configuration  of  interest  in  the  iterative 
process,  can  be  executed  by  setting  the  appropriate  location  of  the  5 
selective  codes  to  ONE.      If  that  configuration  is  not  desired  set  the 
location  value  to  ZERO.      In  any  event,  location  three  must  always  be 
set  to  0. 

2.4  DATA  DECK  STRUCTURE 

Option  I:     Analysis  package 


Zl 


DUMMY    -  OPTION  2,  LOOP  INDICES 


/variable   CALCULATION  PARAMETERS     "3" 
/SYSTEM   HARDWARE   &  CONFIGURATION   DATAt 
FIXED    ROADWAY   INFORMATION 


DIRECTIONAL    REFLECTANCE   DISTRIBUTION 


LUMINAIRE    CANDLEPOWER   DISTRIBUTION 


ONE  4  CARD  SET  FOR 
EACH    CASE   DESIRED 
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As  many  cases  as  desired  may  be  run  at  once,  unless  it  involves  a 
change  in  the  candlepower  or  reflectance  distribution.  If  such  a  change 
is  required  a  separate  run  must  be  made  for  each  candlepower  and  re- 
flectance distribution. 

Option  2;     Design  package 

The  setup  for  option  2  is  exactly  the  same,  with  the  exception 
that  only  one  4  card  set  is  involved.  As  stated  before,  several  vari- 
ables on  the  type  2  card  become  dummy  values,  and  the  type  4  card  is  no 
longer  a  dummy  card.   The  user  must  specify  the  loop  indices. 

For  example,  suppose  the  possible  range  of  spacing  available  are 
50  ft. -200  ft.  (15.2m-61.0m) .  An  interval  is  chosen  for  an  incremental 
step  size;  say  50  ft.  (15.2m).   This  type  of  user  decision  is  made  for 
all  four  variables,  (spacing,  mounting  height,  overhang,  and  configura- 
tion).  This  gives  the  user  the  freedom  to  run  only  the  desired  cases. 

2.5  VI  PROGRAM  -  EXAMPLE 

Suppose  you  are  the  lighting  engineer  and  you  feel  that  a  particu- 
lar arterial  street  may  have  a  lighting  deficiency.   The  VI  program 
can  determine  the  present  conditions,  (Option  1)*. 

The  engineer  must  obtain  measurements  for  the  fixed  roadway  condi- 
tions,  the  system  hardware  and  the  configuration  data.   Similarly, 
decks  for  the  luminaire  candlepower  distribution  and  the  directional 
reflectance  distribution  must  be  coded  and  punched. 

The  four  data  cards  must  now  be  set  up.   Keeping  in  mind  the  deck 
structure  given  in  the  previous  section,  here  is  an  example  of  the 
four  data  cards  in  their  proper  order. 
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CARD  #3 
CARD  #2 
CARD  #1 


.1!  I   !l  '    3     I    : 
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*  If  no  lighting  exists,  VI15  =  1.   This  is  approximately  equal  to 
moonlight  conditions. 


18. 


The  user  has  specified  his  data  as  follows.   Card  1  begins  with 
the  intersection  name  in  columns  1-50.   The  road  width  is  given  as  30 
ft.  (9.1m),  with  a  l^.ne  width  of  12  ft.  (3.7m).   Also  given  on  card  1 
are  three  more  values.   The  first  is  the  distance  from  the  observer  to 
the  target,  271.82  ft.  (82.8m),  then  the  crown  slope,  0.0104,  and  the 
curb  height,  0.50  ft.  (0.15m). 

Card  2  lists  the  system  hardware  and  configuration  data.   Taking 
the  values  left  to  right  on  the  card,  a  mounting  height  of  35  ft. 
(10.7m),  spacing,  200  ft.  (61.0m),  iu^st  arm  length,  7.0  ft.  (2.1m)  and 
setback  of  the  pole  from  the  curb  of  2.0  ft.  (0.6m),  is  specified. 

The  luminaire  type  is  coded  as  a  0NE3    which  in  the  example  is  a 
400  watt  Mercury  lamp.   The  codes  of  TWO   for  sidedness  and  ONE   for 
arrangement  are  equivalent  to  a  near,  single  side,  configuration.   The 
offset  is  set  to  ZERO    (as  in  this  case) ,  in  all  cases  except  a  both 
sides  staggered  configuration,  in  which  case  the  offset  is  one  half  the 
value  of  the  spacing. 

Next  two  heights  are  given.   Target  height  is  0.25  ft.  (0.08m)  in 

this  example,  and  observer  height  is  4.75  ft.  (1.45m).  Lastly  on  card 

2  is  the  pavement  type  code  (three  in  this  example)  and  a  directional 
code.   The  user  has  coded  a  one-way  street. 

Card  3,  gives  us  the  variable  calculation  parameters.   Left  to 
right  again,  it  begins  with  the  number  of  cycles  in  the  system  to  be 
accounted  for.   Eleven,  as  is  coded  here,  with  two  upstream  and  nine 
downstream  (the  next  two  values  on  card  3)  has  been  tested  and  shown 
to  include  over  99%  of  the  lighting  contributions  to  the  parameter 
values  (e.g.,  Eh,  VI,  etc.).   The  reference  luminaire  is  coded  as  num- 
ber THREE   which  makes  the  location  of  the  third  luminaire  the  origin  or 
point  from  which  all  distances  are  measured  in  the  computer  program. 

Values  for  the  candlepower  and  directional  reflectance  correction 
factor  are  given  as  0.75  and  2.80  respectively.   The  next  coded  item  is 
a  value  for  average  target  reflectance,  0.18. 

The  next  11  values  are  output  codes  for  the  11  parameters  of  in- 
terest.  A  code  2  is  used  for  any  parameter  which  printing  is  to  be  sup- 
pressed.  In  this  example,  only  the  eleventh  parameter,  VI,  is  of  in- 
terest, and  coded  as  a  1,  to  yield  a  printout. 

The  number  of  longitudinal  and  transverse  line  are  given  as  6  and 
11  respectively.   These  numbers  have  been  defined  in  an  earlier  section, 

Card  4  in  this  analysis  example  is  a  'dummy'  card  with  option  1, 
specified  in  column  1,  and  nominal  values  of  ONE,    for  all  other  vari- 
ables, except  the  last  four  configuration  codes,  since  none  are  used 
under  option  1. 
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Table  1  is  the  resulting  output  after  a  successful  run  of  the 
example  case. 

The  output  is  divided  into  three  major  sections.   First  is  a  list 
of  all  input  variables.   Second  is  a  matrix  of  parameter  values  for 
each  longitudinal  and  transverse  line  intersection  points.   Finally  the 
general  statistical  output  for  that  parameter  is  printed. 

Suppose  now  that  the  engineer  is  unsatisfied  with  a  VI15  of  3.4781 
and  he  wishes  to  upgrade  his  system  by  improving  VI15.   At  this  point 
the  VI  program  allows  the  engineer  to  extrapolate  new  or  upgraded  light- 
ing systems  to  compare  a  change  in  system   to  a  change  in  VII 5.      This 
measure  of  improvement  will  help  the  engineer  determine  the  best  new  or 
upgraded  lighting  system. 

It  is  important  to  understand  the  flexibility  of  the  VI  program  at 
this  point.   The  engineer's  original  system  could  have  been  no   lighting 
(VI15  =  1.00,  or  moonlight  visibility  conditions)  and  he  may  want  to 
install  a  system  to  improve  VI15  to  some  higher  value.   This  new   system 
he  intends  to  install  can  be  considered  an  upgrade   also.   New  and  up- 
graded systems  are  basically  the  same,  although  an  engineer  choosing  a 
new   system  might  have  a  great  deal  more  leeway. 

To  return  to  the  example,  the  engineer  now  makes  the  decision  to 
investigate  two  basic  upgrades.   He  also  chooses  10.00  as  the  new  cri- 
terion VI.* 

(a)  change  the  luminaire  only  and  compare  results  with  the 
criterion  VI. 

(b)  change  some  or  all  of  the  lighting  system  geometry  vari- 
ables and  specify  a  new  criterion  VI  to  the  desired  level. 

The  first  case  (a) ,  is  easily  taken  care  of  by  rerunning  the  same 
data  set  with  a  new  luminaire  candlepower  distribution.   Upgrade  (b) , 
requires  an  analysis  of  many  cases,  since  several  geometry  variables 
may  be  involved.   Here  the  engineer  can  use  the  'design'  version  of  the 
VI  program 

First  he  must  choose  his  cases.   Perhaps  in  his  original  case  the 
poles  were  wooden  and  the  option  to  raise  or  lower  the  mounting  height 
by  10  ft.  (3.0m)  exists.   He  may  also  have  the  option  of  installing  a 
new  pole,  between  each  pair  to  decrease  the  spacing  to  50  ft.  (15.2m), 
or  to  shut  off  every  other  luminaire  and  increase  the  spacing  to  200  ft. 
(61.0m).   Other  options  may  also  exist  such  as  increasing  the  mast  arm 
length  to  13  ft.  (4.0m),  or  changing  the  arrangement  from  single  side 
near,  to  both  opposite  or  both  staggered.   These  cases  are  summarized 
in  Table  2. 


VI=10  corresponds  to  85%  performance  as  derived  by  Gallagher  (1_) 
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Table  2.  Optional  Cases 


Low 

High 

Increment  Size 

No.  of  Cases 

Mounting  height: 

25' 

45' 

5' 

5 

Spacing: 

50' 

200' 

50' 

4 

Mast  arm  length: 

7' 

13' 

6' 

2 

Configuration: 

•■  - 

_  ~ 

— ... 

3* 

(Arrangement/ 
sidedness) 

120 

1  ft.  =  0.3m 
*  Single  side  near,  both  opposite,  both  staggered 


Now  that  the  engineer  has  set  up  his  cases,  the  deck  can  be  set  up 
for  his  design  runs.   Here  is  how  the  deck  will  look. 
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There  are  not  many  changes  from  the  original  case  except  that  the 
type  4  card  now  becomes  operational  rather  than  a  dummy  card.   As  can 
be  seen,  the  values  of  mounting  height,  spacing,  and  mast  arm  length 
on  Card  2  have  been  set  equal  to  ONE   as  required  (columns  1-15),  and 
the  sidedness  and  arrangement  (columns  26-29)  have  been  set  to  their 
proper  values  ONE   and  ZERO   respectively. 

On  the  type  4  card,  Option  2  is  now  specified.   This  allows  us  to 
loop  over  the  values  chosen.   Also,  the  minimum  VI15  is  set  at  10.00. 

The  user  now  implements  his  'design'  run.   All  120  cases  will  be 
processed  and  compared  against  the  minimum  VI15  criteria,  along  with  any 
other  user  specified  criteria. 
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Using  the  'design'  version,  output  options  are  left  open  for  the 
users  needs.   For  example,  the  standard  tabular  printout  (Table  1)  may 
be  executed  for  all  cases  or  only  those  cases  which  satisfy  the  minimum 
VI15  criteria.   A  second  choice  might  be  to  eliminate  the  standard 
tabular  output  and  only  include  specific  parameters.   Table  3  displays 
an  alternate  type  of  output  for  one  design  case,  in  which  the  minimum 
VI15  =  10.00  criteria  was  satisfied.   This  specialized  case  only  yields 
the  geometry  and  parameters  of  interest. 

Other  criteria  may  also  be  specified.   This  other  criteria  may  in- 
volve cost  limitations.   In  the  present  example  cost  was  not  considered, 
only  a  certain  level  of  VI15  improvement.   The  cost  criteria  might  be 
evaluated  after  the  results  of  the  'design'  runs  are  known. 

2.6  PROGRAM  OPERATIONS 

The  program  functions  as  a  main  program  with  an  output  subroutine 
and  a  statistical  subroutine. 

The  logical  program  flow  is  as  follows : 

1.  Definition  of  candlepower  array,  directional  reflectance 
array,  and  basic  system  geometry  and  hardware  information. 
Date  is  read  in  during  this  operation.   An  array  of  luminaire 
locations,  in  Cartesian  coordinates,  is  then  calculated. 

2.  Outer  DO  loops  specifying  option  2  indices  which  determine 
the  number  of  cases  to  be  run. 

3.  Middle  DO  loop  specifying  a  target  position  and  observer 
location  coordinate  set. 

4.  Inner  DO  loop  calculating  the  contribution  of  each  system 
luminaire  toward  roadway  illumination,  target  luminance, 
background  luminance,  and  veiling  luminance.  The  inter-  : 
polation  of  directional  candlepower  and  directional  reflec- 
tance is  accomplished  in  this  operation.   DGF  and  RCS  are 
also  calculated. 

5.  Output  and  statistical  routines  produce  matrix  printouts  of 
Eh,  Ev,  Lt,  Lb,  Lv,  Lb1,  RCS  Lb',  C,  RCS  Lb,  DGF  and  VI,  and 
summary  statistics. 
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3.0  SELECTION  OF  LIGHTING  SYSTEMS  FOR  NEW  OR  UNLIT  ROADWAYS 

This  section,  and  the  one  that  follows,  present  the  methodology  for 
selecting  new  lighting  systems,  or  upgrading  existing  lighting  systems 
on  arterial  streets.   The  process  is  illustrated  in  Figure  4  for  both 
new  (Steps  3-12)  and  upgraded  (Steps  14-23)  lighting  systems. 

3.1  NECESSARY  INPUT  DATA 

Before  any  of  the  subsequent  methodology  can  be  employed,  the  user 
must  have  certain  basic  inputs  for  each  distinct  roadway  site  describing 
the  following  environmental  and  geometric  characteristics: 

Area  Type  (Central  Business  District  or  Other) 
Population  Density 
Traffic  Volume 
Road  Width 

Area  type  can  easily  be  determined  for  a  given  roadway  from  the 
definition  of  Central  Business  District:   "A  concentration  of  stores, 
office  buildings,  environmental  lighting,  pedestrian  and  vehicular  traf- 
fic as  well  as  temporary  on-street  parking". 

Population  densities  can  be  determined  from  census  data  found  in 
most  public  libraries.   Traffic  volumes  are  normally  available  from  muni- 
cipal or  state  planning  or  engineering  offices.   Road  widths  are  easily 
measured. 

3.2  INITIAL  OPTIONS 

In  order  to  receive  the  most  benefit  from  this  guide,  the  user  must 
first  decide  between  two  options 

Option  1:   If  the  user  has  data  describing  the  candlepower 
distributions  of  the  lamp/luminaire  combinations  he  wishes 
to  employ  and  has  exact  reflectance  data  for  the  road  surfaces 
under  consideration  (both  in  a  form  suitable  as  input  to  the 
VI  computer  program  described  in  Section  1  of  this  guide)  then 
the  analyses  may  be  conducted  using  the  VI  computer  program. 

Option  2:   If  the  user  lacks  the  preceding  data,  or  is  satis- 
fied with  the  range  of  variables  presented  in  the  FIRL  data 
base,  then  he  may  conduct  the  analyses  by  referring  to  this 
data  base,  presented  in  Appendix  A. 
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Figure  4. 
Block  Diagram  of  Methodology  for  Selecting  Lighting  Designs 


26. 


The  FIRL  data  base  defines  the  following  roadway  and  lighting  vari- 
ables 

Roadway  Variables 

Width:        30  ft.  (9.1m);  60  ft.  (18.3m) 

Directions:    1  (for  30  ft.  (9.1m)  road);  2  (for  60  ft. (18.3m) 

road) 
Surface  Type:   1  (new  asphalt) 

Lighting  Variables 

Type/Size:    Mercury  400  and  175* 

HPS  400  and  150 
Arrangement:   1-sided;  2-sided  opposite;  2-sided  staggered 
Spacing:      50  ft. -250  ft.  in  50  ft.  increments  (15.2m-76.2m) 

in  15.2m  increments) 
Mounting  Height:  20  ft. -45  ft.  in  5  ft.  increments (6. lm-13. 7m 

in  6.1m  increments) 
Overhang:     5  ft. (1.5m)  for  30  ft.  (9.1m)  road 

11  ft.  (3.4m)  for  60  ft.  (18.3m)  road 

In  addition,  only  traffic  volumes  from  5000VPD  to  25,000VPD  and  popula- 
tion densities  from  10,000  persons  per  square  mile  (3900  persons  per 
square  kilometer)  to  60,000  persons  per  square  mile  (23,400  persons  per 
square  kilometer)  are  used  in  this  data  base. 

3.3  DESCRIPTION  OF  THE  PROCESS 

The  process  can  be  broken  down  into  an  economic  analysis  which  is 
based  on  the  selection  of  lighting  designs  with  the  highest  benefit-cost 
ratios,  and  an  optimization  analysis  which  considers  constraints  such 
as  energy,  accidents  and  economics.   Figure  5  illustrates  this  for  the 
part  of  the  analysis  covering  new  lighting  designs. 

3.3.1  Specify  Existing  Conditions  (Step  1)+ 

In  this  step  the  user  merely  records  the  existing  geometric  and 
enviornmental  conditions  on  the  following  checklist,  Figure  6. 


*  Distributions 

400M 

175M 
400HPS 
150HPS 


Medium  -  Semi  Cutoff  -  Type  IV 

Medium  -  Semi  Cutoff  -  Type  II 

Medium  -  Non  Cutoff  -  Type  IV 

Medium  -  Non  Cutoff  -  Type  III 


All  steps  refer  to  the  Block  Diagram  in  Figure  5,  that  is  an  enlarged 
version  of  the  left  half  of  Figure  4  dealing  with  first  time  installations, 

27. 


UJ   IS)   >— . 

JUl/1 
LlI   CQ    U 


to 

E 
0) 
4-> 

>> 


cu 


o 
>> 

CD 

o 

'o 
-o 
o 

SI 

+-> 
cu 


lo 


CD 


CD 


28. 


Area  Type 
Population  Density 
Traffic  Volume 
Road  Width 


Surface  Type  (Reflectance  Table) 


Figure  6.  Site  Checklist 

3.3.2  Determine  Minimum  Acceptable  Visibility  Level  (Step  3)* 

The  specification  of  a  minimum  acceptable  visibility  level  is 
entirely  up  to  the  descretion  of  the  user.   It  has  been  documented  in 
the  Final  Report  of  this  research  that  increasing  the  visibility  on 
arterial  streets  reduces  the  potential  for  nighttime  accidents. +  In 
addition,  past  research  has  shown  that  by  increasing  the  visibility, 
an  improvement  (asymptotic  near  vT=15)  in  driver  performance  results  (_1) 
The  prospective  user  may  determine  his  minimum  acceptable  visibility 
based  on  either  of  the  Final  Report  or  Reference  #1. 

The  selection  of  a  minimum  acceptable  visibility  level  (VI15)  at 
this  step  in  the  analysis  is  optional,  and  only  acts  to  limit  the  num- 
ber of  possible  system  designs  to  those  with  VI15  equal  to  or  greater 
than  the  minimum  acceptable  VI15.   This  step  may  be  summarized  into  two 
options: 

(1)  Option  A  -  Ignore  the  selection  of  a  minimum  acceptable 
VI15  and  consider  all  lighting  system  designs  as  possi- 
bilities. 

(2)  Option  B  -  Select  a  minimum  acceptable  VI15  and  consider 
only  those  lighting  system  designs  that  provide  VI15  equal 
to  or  greater  than  the  selected  VI15. 

3.3.3  Determine  Design  Constraints  (Step  4) 

Based  on  the  geometric  and  environmental  conditions  specified  in 
Section  3.3.1,  the  user  may  wish  to  stress  a  particular  design  for  his 
lighting  system.   The  design  constraints  of  a  lighting  system  may  in- 
clude : 


•  Light  Source  Type, 

•  Arrangement 

•  Spacing 


Size  and  Distribution 


*  Step  2,  which  was  omitted,  only  determines  if  lighting  presently 

exists  on  the  site  under  study. 
+  Final  Report,  FHWA-RD-77-37 
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•  Mounting  Height 

•  Overhang 

The  purpose  of  this  step  is  to  permit  the  user  to  specify  his  own 
design  criteria  to  delineate  only  those  systems  that  conform  to  those 
criteria.   For  example,  design  criteria  may  be  specified  in  the  follow- 
ing manner. 

1.  The  system  options  must  employ  HPS  light  sources,  or, 

2.  The  lighting  configuration  must  be  staggered  and  the 
pole  spacings  must  be  no  less  than  100  ft.  (30.5m) 
apart . 

The  design  constraints  outlined  above  are  not  essential  to  the 
final  selection  of  system  designs  but  are  mentioned  only  to  allow  the 
user  to  formulate  possible  lighting  systems  based  on  his  own  preferred 
components. 

This  step  therefore  requires  that  the  user  specify  whether  or  not 
a  design  constraint  exists. 

No:   Proceed  to  3.3.4  and  select  lighting  system 

designs  based  on  minimum  acceptable  VI15  (if  any) 
or 

Yes:   Specify  the  constraints  and  proceed  to  3.3.4 
selecting  only  those  systems  that  satisfy  the 
design  constraints  and  minimum  acceptable  VI15 
(if  any) 

3.3.4  Select  Possible  Lighting  System  Designs  (Step  5) 

The  selection  of  possible  lighting  system  designs  is  performed  in 
one  of  two  ways : 

1.  If  the  user  is  employing  the  VI  computer  program  he  follows 
the  instructions  presented  in  Section  2  of  this  guide.  The 
computer  output,  illustrated  in  Tables  1  and  3  of  Section  2 
would  then  be  transferred  to  the  form  (Work  Sheet  number  1) 
provided  in  Table  26  of  Appendix  B  of  this  guide,*  or 

2.  If  the  user  is  employing  the  FIRL  data  base,  he  reviews  the 
entries  in  Table  21  of  Appendix  A  to  select  those  systems 
meeting  his  design  and  minimum  visibility  constraints.   He 
then  enters  the  systems  he  has  selected  on  worksheet  1 
illustrated  in  Table  26  of  Appendix  B. 


A  complete  set  of  worksheets  is  presented  in  Appendix  B  for  the  user 

employing  the  VI  program.   When  completed,  they  will  form  a  user 
generated  data  base  for  new  systems. 
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In  either  of  the  above  cases,  the  result  is  a  list  of  possible 
lighting  system  designs  which  includes  the  complete  characteristics 
(e.g.,  road  geometry  and  lighting  parameters),  the  visibility  (VI15) 
provided  by  such  a  system,  and  a  user  assigned  case  number.   An  illustra- 
tion is  presented  in  Table  4. 

3.3.5  Determine  Lighting  System  Costs  (Step  6) 

Three  methods  for  computing  costs  are  provided  in  this  section. 

1.  User  provided  cost  data 

2.  FIRL  provided  cost  data  (components  only) 

3.  FIRL  Data  Base 

3.3.5.1  User  Provided  Data 

In  the  first  method,  the  user  must  provide  either  the  total  annual 
costs  per  mile  for  every  possible  lighting  design,  or  compute  this 
figure  from  component  costs  he  provides.   The  method  is  as  follows. 

1.   Determine  Number  of  Poles  per  mile  (NPM) 

Using  the  equation: 

5280 
NPM  =  - .  for  1-sided  configurations 


Spacing 
5280 


x2     for  2-sided  configurations 


Spacing 

2.  Calculate  Pole  costs. 

Multiply  number  of  poles  per  mile  times  the  cost  per  pole 
to  obtain  the  total  initial  cost  (P)  then  use  the  simple 
interest  equation: 

.     ,„*.   ^(1+ni)      where 

Annual  Cost  =  P  - 

n 

n  =  number  of  years  over  which  pole  is  amoritized 

(user  specified) 

i  =  interest  rate  (user  specified) 

to  determine  the  annual  costs  per  mile.   This  cost  should  include 
the  labor  and  transportation  costs  to  install  the  pole. 

3.  Calculate  luminaire  costs. 

This  calculation  is  done  in  the  same  way  as  in  number  2  above 
(pole  costs)  but  with  a  possibly  different  n  and  with  indivi- 
dual luminaire  costs. 
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4.  Calculate  Wiring  Costs 

The  initial  costs  are  computed  as  cost  per  linear  foot 
(installed)  x  number  of  linear  feet  (5280  if  1-sided; 
10,560  if  2-sided).   Amoritized  costs  are  computed  as  in 
number  2  and  3  above. 

5 .  Calculate  Annual  Maintenance  Costs 

These  must  be  user  provided.   They  should  be  computed  per 
mile  of  roadway. 

6.  Calculate  Annual  Energy  Costs  per  mile 

This  can  be  user  provided  or  may  be  calculated  using  the 
equation: 

Total  Energy  cost  per  mile  =  Total  number  of  poles  per  mile 
x  number  of  burn  hours  per  year  x  number  of  kilowatt  hours 
per  lamp  x  cost  per  kilowatt  hour. 

7.  Calculate  total  costs  per  mile  per  year:   sum  of  2,  3,  4, 

5  and  6  above  and  enter  all  appropriate  figures  in  worksheet 
#2  (Table  27)  of  Appendix  B. 

3.3.5.2  FIRL  Provided  Date  (Components  only) 

In  this  case,  the  user  wishes  to  employ  our  component  costs,  but 
not  total  costs.   This  may  result  from  a  different  spacing,  different 
interest  rates  etc.  than  used  in  the  FIRL  data  base.   The  method  is 
the  same  as  in  Section  3.3.5.1  above,  except  that  the  component  costs 
may  be  read  directly  from  Tables  5  through  9  and  then  amoritized  follow- 
ing the  simple  interest  equation  presented  in  Section  3.3.5.1  above. 
Total  annual  costs  would  be  computed  as  before  and  entered  on  worksheet 
number  2  (Table  27  in  Appendix  B) . 

3.3.5.3  FIRL  Data  Base 

If  the  lighting  and  road  parameters  provided  in  the  FIRL  data  base 
presented  in  Appendix  A,  Table  21  meet  with  the  users  specifications, 
then  total  system  costs  can  be  obtained  directly  from  Table  22  of  Appen- 
dix A.   The  following  procedure  is  suggested: 

1.  Take  the  system  code  and  case  number  for  each  selected  design 
in  Table  21  of  Appendix  A  and  locate  the  system  in  Table  22. 

2.  For  each  selected  design,  enter  the  pertinent  cost  data  on 
worksheet  #2  (Table  27)  in  Appendix  B. 
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Table  5.  Luminal* re  Costs* 


Type 

Average  Costs  ($) 

Per  Luminaire  (Installed) 

Mercury 

High  Pressure  Sodium 

$126 
$188 

including  luminaire  lamp  and  wiring  to  top  connector 

(labor  and  material ) 


Table  6.  Pole  Costs 


Type 

Height^ 

Average  Cost  ($) 
Per  Pole  (Installed) 

Wood^ 
Metal ^ 

Low 

Medium 

High 

Low 

Medium 

High 

339 
443 
598 
467 
692 
906 

(1)  Low:  less  than  25  ft.  (7.6m);  Medium:  25  ft. (7.6m)  to 

35  ft.  (10.7m);  High:  over  35  ft.  (10.7m) 

(2)  Including  bracket  arm 

(3)  Including  Transformer  base 


Table 

7.  Maintenance  Costs 

Lamp  Type 

Average  Costs  Per  Luminaire 
(Annual)  ($) 

Mercury 
HPS 

7.02 
23.79 
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Table  8.  Wiring  Costs 


Type 

Average  Cost  per  foot 
(Installed)  ($) 

Aerial 

Underground  (direct) 
Underground  (rigid  conduit) 
Underground  (plastic  conduit) 

0.99 

1.99 

13.83 

13.19 

Table  9.  Energy  Costs 


Item 

Average  Cost  per  Kwh  ($) 

Energy 
Other* 
Total 

0.0248 
0.0620 
0.0868 

Including  cost  per  watt  demand  or  capacity  charges, 
facility  charges  etc.  See  Section  6  of  the  Final 
Report  for  a  complete  description  of  these  costs. 
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An  example  of  the  data  is  provided  in  Table  10.   This  data  base 
covers  a  range  of  geometry  values  (spacing  and  mounting  height)  but  is 
restricted  to  four  luminaire,  each  with  one  photometric  distribution. 
Also,  only  one  pavement  surface  is  included  as  a  variable  (new  asphalt) 
of  the  type  found  on  our  test  street  in  Philadelphia  (3) . 

3.3.6  Determine  Benefits  (Step  7) 

The  benefits  of  lighting  systems  were  developed  from  the  regression 
equation* 

Accident  Rate  per  10,000  vehicle  miles  =  3.61  + 
7.85  (CBD  vs  Other)  +  0.000164 (Population  Density) 
-  0.532  (VI15) 


where  CBD  vs  Other  is  either  1  or  0  and  population  density  is  in  persons 
per  square  mile. 

Average  accident  costs  were  developed  by  the  National  Highway  Traf- 
fic Safety  Administration.   This  cost  data  provided  an  average  cost  per 
accident  of  $2,130  and  included  both  direct  and  indirect  costs.   This 
average  cost  has  developed  from  the  average  cost  per  fatality,  per  in- 
jury and  per  property  damage  accident,  weighted  by  frequency  of  each.* 

To  determine  the  benefits  of  a  lighting  system,  the  following  data 
(from  Figure  6)  is  necessary. 

Area  Type  (CBD  or  Other) 

Population  Density  (Persons  per  square  mile) 

Traffic  Volume  (VPD) 

as  well  as  the  VI15  provided  by  each  lighting  design  (either  generated 
by  the  user  with  the  VI  computer  program,  or  read  from  Table  21  in 
Appendix  A  of  the  FIRL  data  base) . 

If  the  user  desires  to  employ  accident  costs  other  than  those  pre- 
sented above,  he  completes  the  worksheet  #3  (Table  28  of  Appendix  B) 
using  his  own  accident  cost  data  and  the  regression  equation  above 
as  follows: 

1.  Compute  accident  rate  for  the  no-lighting  condition  (VI15=1) 
using  the  regression  equation. 

2.  Compute  accident  rate  for  each  lighting  design  using  the 
appropriate  VI15  for  each  design. 


Discussed  fully  in  Section  5  of  the  Final  Report 
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3.  Compute  accident  reduction  (The  difference  between 
#1  and  #2  above  divided  by  #1) 

4.  Compute  benefits  (#3  times  the  average  cost  per  accident). 

If  the  FIRL  data  base  is  employed  the  user  may  refer  directly  to 
Table  11  for  the  benefits.  For  traffic  volumes  other  than  10,000  VPD 
or  high  values  of  VI15  (greater  than  15)  a  series  of  multipliers  is 
provided  at  the  bottom  of  Table  1\.  When  using  this  table,  values  of 
VI15  should  be  rounded  to  the  nearest  whole  number.  To  compute  accident 
reduction  (to  be  used  subsequently)  the  user  can  employ  the  procedure 
described  above  (Steps  1-3)  or  employ  the  equation 

Accident  Reduction  =  Benefits  (at  new  VI15)  -  Benefits  (at  VI15=1) 

Benefits  (at  VI15=1) 

3.3.7  Determine  Benefit-Cost  Ratios  (Step  8) 

Benefit-cost  ratio  is  defined  as  the  total  annual  benefits  com- 
puted in  Section  3.3.6  divided  by  the  total  annual  costs  computed  in 
Section  3.3.5.   For  the  user  generating  his  own  data,  worksheet  #4 
(Table  29  of  Appendix  B)  is  then  completed  by  recording  the  appropriate 
data  from  worksheets  #2  and  3.   When  using  the  FIRL  data  base,  Table 
23  of  Appendix  A  can  be  used.   An  example  is  presented  in  Table  12. 

3.4  OPTIMIZATION  ANALYSIS 

The  objective  of  this  part  of  the  methodology  is  to  develop  a  pro- 
cedure for  selecting  optimum  lighting  designs  based  on  possible  econo- 
mic, energy  and  accident  constraints. 

3.4.1  Specify  the  Constraints  (Step  9) 

The  user  must  specify  the  data  in  Worksheet  #5  (Table  30  of  Appen- 
dix B) .   Each  entry  comes  from  a  preceding  worksheet  and  the  data  is 
all  combined  here  so  that  the  user  may  compare  alternatives  based  on  his 
own  applicable  constraints.   The  data  includes: 

1.  Lighting  System  Codes  (From  Worksheet  1) 

2.  Visibility  (From  Worksheet  1) 

3.  Energy  Use  (From  Worksheet  2) 

4.  Lighting  Costs  (From  Worksheet  2) 

5.  Site  Characteristics  (From  Checklist  -  Figure  6) 

6.  Accident  Reduction  (Described  in  Section  3.3.6) 

7.  Accident  Benefits  (From  Worksheet  3) 

8.  Benefit-Cost  ratios  (From  Worksheet  4) 
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The  derivation  of  each  of  these  data  has  been  discussed  previously.   Acci- 
dent reduction  (#6)  is  the  only  constraint  whose  derivation  is  based  on  area 
type,  hence  will  be  different  for  CBD  and  "Other"  types  of  sites.   A  rough 
approximation  of  accident  reduction  in  "Other"  area  types  can  be  obtained 
from  the  accident  reduction  in  CBD  areas  by  multiplying  the  latter  value 
by  2  (if  all  other  environmental,  geometric  and  lighting  variables  are  the 
same).  For  a  more  exact  determination,  the  factors  illustrated  in  Table 
13  may  be  employed. 

At  this  point  the  user  must  specify  his  own  constraints.   They  may 
take  the  form  of  budgetary  limitations,  maximum  energy  use,  minimum 
visibility  (or  accident  reduction)  or  some  combination.   However,  all 
of  the  constraints  are  interactive  in  that  an  adjustment  or  specifica- 
tion of  one  constraint  will  affect  the  other  constraints  and  ultimately 
limit  the  number  of  alternative  system  designs. 


Table  13.  Correction  Factor  Used  to  Calculate 
Accident  Reduction  for  "Other"  Area 
Types  from  Accident  Reduction  at  CBD 
Sites 

Population  Density*  (Persons  per  square  mile) 


VI1-5 



10,000 

20,000 

30,000 

40,000 

50,000 

60,000 

1-9 

2.66 

2.23 

1.98 

1.81 

1.70 

1.61 

10 

2.62 

2.23 

1.98 

1.81 

1.70 

1.61 

11 

2.36 

2.23 

1.98 

1.81 

1.70 

1.61 

12 

2.15 

2.27 

1.98 

1.81 

1.70 

1.61 

13 

1.97 

2.22 

1.98 

1.81 

1.70 

1.61 

14 

1.82 

2.05 

1.98 

1.81 

1.70 

1.61 

15 

1.69 

1.91 

1,98 

1.81 

1.70 

1.61 

3.4.2  Select  Acceptable  Designs  (Steps  10  and  11) 

The  completed  Worksheet  #5  (Table  30  of  Appendix  B)  will  present 
a  profile  of  the  system  characteristics  with  respect  to  all  possible 
constraints.   The  user  can  review  the  completed  table  to  identify  each 
design  which  meets  his  contraints  and  then,  if  such  designs  exist,  pro- 
ceed to  select  the  one  with  the  most  attractive  cost-benefit  ratio.   If 
no  options  exist,  then  the  user  must  reduce  his  constraints. 

Table  14  presents  an  example  of  the  results  that  would  be  obtained 
at  this  step. 
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3.4.3  Select  Best  Design  (Step  12) 

This  step  is  the  culmination  of  the  optimization  process  if  one  or 
more  system  designs  were  isolated  through  the  economic  and  optimization 
analysis.   The  best  option  can  be  defined  as  one  with  highest  benefit- 
cost  ratio  which  meets  the  design,  economic,  energy  and  accident  con- 
straints of  the  user. 

3.4.4  Reduce  Constraints  (Step  13) 

As  discussed  throughout  this  procedure,  the  benefit-cost  ratio  and 
the  various  constraints  are  the  foundation  for  selecting  an  optimum 
lighting  system.   When  constraints  are  set  too  high  the  result  will  be 
a  paucity  of  acceptable  options  meeting  those  constraints.   If  this  is 
the  case,  then  it  is  necessary  to  reevaluate  by  reducing  the  constraint 
or  perhaps  selecting  other  luminaires.   This  requires  repeating  Steps 
3,  4  or  9  and  selecting  another  set  of  acceptable  designs. 

The  options  presented  to  the  user  at  this  step  include  the  fol- 
lowing : 

1.  Reduce  minimum  acceptable  VI15  (Step  13) 

2.  Reduce  design  constraints  (Step  4) 

3.  Reduce  economic,  energy  or  accident  constraints  (Step  9) 

The  process  then  begins  again  at  the  steps  indicated  above. 

3.5  SAMPLE  PROBLEMS 

For  the  following  sample  problems,  all  data  was  drawn  from  the  FIRL 
data  base  presented  in  Appendix  A.   If  the  prospective  user  employs  the 
VI  program  or  provides  his  own  lighting  cost  or  benefit  data  he  would 
generate  his  own  data  base  by  completing  the  Worksheets  in  Appendix  B. 

Example  1 

Existing  Conditions 

Area  Type:   CBD 

Population  Density:   30,000  persons  per  square  mile  (11,700 

persons  per  square  kilometer) 
Traffic  Volume:   20,000  VPD 
Road  Width:      30  ft.  (9.1m) 
Surface  Type:    New  Asphalt 
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Minimum  Acceptable  VI15 :   10* 

Design  Constraint: 

Case  1.   Use  only  HPS  -  Metal  Pole 
Case  2.   Use  only  Mercury  -  Metal  Pole 


Solutions 


Case  1, 


HPS 


Luminaire : 
Arrangement : 
Spacing: 
Mounting  Height 
Overhang: 


400  HPS 
Single  Sided 
150  ft.  (45.7m) 
45  ft.  (13.7m) 
5  ft.  (1.5m) 


VI15:  13.5 
Annual  Costs 
Energy  Use: 
B/C  Ratio 
Case  //: 


$11,145 5 
.573x10  Kwh 
2.64 
160 


Case  2.   Mercury 

Luminaire : 
Arrangement : 
Spacing: 

Mounting  Height : 
Overhang : 


400  M  VI15:  13.5 

Staggered  Annual  Costs 

200  ft.  (61.0m)  Energy  Use: 

45  ft.  (13.7m)  B/C  Ratio: 

5  ft.  (1.5m)  Case  #: 


10.7 

$15,387  < 
0.852x10" 

1.47 
100 


Kwh 


These  solutions  were  obtained  by  searching  Table  24  of  Appendix  A 
for  those  systems  with  the  highest  Benefit/cost  ratio  meeting  all  of 
the  constraints  and  input  conditions. 

Example  2 

Area  Type,  Population  Density,  Traffic  Volume,  Road  Width  and 
Surface  Type  the  same  as  Example  1. 

Minimum  Acceptable  VI15 :  10 

Design  Constraint:  Use  HPS 

Economic  Constraint:  Total  Annual  Cost  less  than  $10,000 

Energy  Constraint:  Total  Energy  Use  less  than  °-5x1Q5  Kwh 


An  optimum  design  will  be  derived  for  each  constraint  separately, 
and  then  in  combination.   For  the  design  constraint  in  conjunction  with 
the  minimum  acceptable  VI15  the  optimum  was  presented  in  example  1. 


About  85%  of  maximum  performance  is  derived  from  a  VI 
Reference  1  for  additional  information 


=  10.   See 
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Case  1  -  Economic  Constraint 


For  the  economic  constraint,  the  same  solution  will  not  suffice 
since  it  has  total  annual  cost  of  $11,145  per  mile. 

Case  #258  and  #259  both  have  VI  15  greater  than  10  with  annual 
costs  less  than  10,000  and  both  have  B/C  =2.32  therefore  both  would 
suffice  as  solutions. 


Luminaire : 
Arrangement : 
Spacing: 
Mounting  Height: 

Overhang: 


150HPS 

Single  Sided 
100  ft. (30.5m) 
30  ft.  (9.1m) 
or  35  ft. (10.7m) 
5  ft.  (1.5m) 


VI15: 

Annual  Cost: 
Annual  Energy  Use 
B/C  ratio: 

Case  #: 


10.7  and  11.0 
$9759 


0.319x10" 
2.32 

258/259 


Kwh 


Case  2  -  Energy  Constraint 

For  the  energy  constraint  (again  in  conjunction  with  the  minimum 
acceptable  VI15),  Case  #308  is  the  optimum. 


Luminaire : 
Arrangement : 
Spacing: 

Mounting  Height: 
Overhang : 


150HPS  VI15:  11.9 

Staggered  Annual  Cost:  $10,344  , 

200  ft.  (61.0m)  Annual  Energy  Use:  0.139x10' 

30  ft.  (9.1m)  B/C  ratio:  2.41 

5  ft.  (1.5m)  Case  #:  308 


Kwh 


In  comparing  the  last  two  examples  it  should  be  noted  that  for  the 
energy  constraint,  the  optimum  was  selected  based  on  maximizing  the  B/C 
ratio  with  annual  energy  less  than  0.5x10  Kwh/mile.   For  the  economic 
constraint,  the  optimum  was  selected  with  maximum  B/C  ratio  with  annual 
costs  less  than  $10,000  per  mile.   Note  that  neither  would  suffice  as 
optimum  tor  the  other. 

Case  3  -  Combined  Constraints 

The  optimum  for  this  case  is  the  same  as  in  the  example  above  with 
an  economic  constraint  (Case  1) • 

The  solutions  for  each  of  the  preceding  three  cases  was  obtained 
by  reviewing  Table  24  of  Appendix  A  for  the  system  with  highest  B/C 
ratio  meeting  individual  (or  combined)  constraints. 

Example  3 

I 

Existing  Conditions 


Area  Type: 
Population  Density: 


CBD 

30,000  persons  per  square  mile 

(11,700  persons  per  square  kilometer) 


45 


Traffic  Volume: 

Road  Width: 

Surface  Type: 

Minimum  Acceptable  VI15: 

Design  Constraint: 

Economic  Constraint : 

Energy  Constraint: 


20,000  VPD 

60  ft.  (18.3m) 

New  Asphalt 

None 

None 

Total  Annual  Costs  less  than  $10,000 

Total  Annual  Energy  Use  less  than 

0.75xl05  Kwh 


Optimum  Solutions 

No  Constraints 

Luminaire:       400HPS         VI15 :  12.5/12.7 

Arrangement:     Staggered       Annual  Cost:  $16,719  - 

Spacing:         200  ft.  (61.0m)  Annual  Energy  Use:  0.852xl05 

Kwh 

Mounting  Height:  40  ft.  (12.2m)/  B/C  ratio:  1.63 

45  ft.  (13.7m) 

Overhang:        1  ft.  (3.4m)    Case  #:  139/140 

Economic  Constraint 


150HPS         VI15:  6.8 

Staggered       Annual  Cost:       $9949    -t 
250  ft.  (76.2m)  Annual  Energy  Use:  0.258x10" 

Kwh 
Mounting  Height:  40  ft.  (12.2m)   B/C  ratio:         1.37 
Overhang:        11  ft.  (3.4m)    Case  #:  250 


Luminaire : 
Arrangement : 
Spacing: 


Energy  Constraint 


VI15: 

Annual  Cost: 


13.8 
$19,540 


Luminaire:  150HPS 

Arrangement:  Staggered  ^mu^-i.  v^^u.  VJ.^,^-r~ 

Spacing:  100  ft.  (30.5m)  Annual  Energy  Use:  0.639x10 

Kwh 

Mounting  Height:  35  ft.  (10.7m)  B/C  ratio:  1.51 

Overhang:  11  ft.  (3.4m)  Case  #:  234 

Combined  Constraint 


(Same  as  economic  constraint) 
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4.  UPGRADING  OF  EXISTING  LIGHTING  SYSTEMS 

This  section  describes  the  methodology  for  upgrading  existing  light- 
ing systems  on  arterial  streets.   Many  of  the  steps  and  calculations 
described  in  this  section  and  illustrated  in  Figure  4,  Steps  14  through 
23,  are  similar  or  the  same  as  the  ones  described  in  Section  3  and 
illustrated  in  Figure  4,  Steps  3  through  12.   They  will  normally  not  be 
repeated  here. 

4.1  NECESSARY  INPUT  DATA 

Before  the  methodology  can  be  employed,  the  user  must  have  certain 
basic  input  data  describing  the  roadway  geometry,  existing  lighting  and 
environmental  characteristics. 

These  include 

1.  Area  Type 

2.  Population  Density 

3.  Traffic  Volume 

4.  Road  Width 

5.  Description  of  Existing  Lighting 

Luminaire  size,  type  and  distribution 

Mounting  Height 

Spacing 

Arrangement 

Overhang 

The  first  four  items  were  described  in  Section  3.1.   The  description  of 
the  lighting  system  should  be  available  from  the  municipal  or  state 
lighting  department*  or  the  local  power  company.   It  can  be  measured  on- 
site  (except  for  luminaire  characteristics). 

4.2  INITIAL  OPTIONS 

There  are  two  options  available,  as  described  in  Section  3.2 

1.  User  provides  candlepower  distributions  and  road  reflectance 
data,  and  generates  his  own  data  base  using  the  VI  program 
described  in  Section  2. 

2.  FIRL  data  base  employed. 

These  options  were  described  in  Section  3.2 

*   Sometimes  called  the  Engineering  Department,  Public  Works  Department, 
Streets  Department  etc. 
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4.3  DESCRIPTION  OF  THE  PROCESS 

The  process  can  be  broken  down  into  an  economic  analysis  which  is 
based  on  the  selection  of  upgraded  lighting  systems  with  the  highest 
benefit-cost  ratios  and  an  optimization  analysis  which  considers  con- 
straints such  as  economics,  energy  and  accidents. 

The  process  is  illustrated  in  Figure  7  for  upgraded  systems. 

4.3.1  Specify  Existing  Conditions  (Step  1)* 

In  this  step  the  user  records  the  existing  geometric,  environmental 
and  lighting  conditions  on  the  following  checklist,  Figure  8. 

All  of  the  input  data  in  this  checklist,  except  VI15 ,  is  provided  by  the 
user.   The  specification  of  the  VI15  provided  by  the  existing  lighting 
systems  at  each  site  is  accomplished  in  one  of  two  ways. 

1.  Use  the  roadway  and  lighting  characteristics  as  input 
to  the  VI  computer  program  and  calculate  VI15  for  each 
site  under  analysis. 

2.  Refer  to  the  FIRL  data  base  in  Table  21  of  Appendix  A 

and  after  locating  the  correct  combination  of  arrangement/ 
spacing/mounting  height/overhang/luminaire  type  and  size/ 
road  width,  record  the  related  visibility  (VI15)  as  well 
as  the  existing  geometric  and  lighting  characteristics  on 
Worksheet  #6  (Table  31  in  Appendix  C) . 

4.3.2  Determine  Miminum  Acceptable  Visibility  Level  (Step  14) 

This  was  fully  discussed  in  Section  3.3.2  and  will  not  be  repeated 
here  other  than  to  reiterate  that  this  step  is  optional  and  only  acts 
to  limit  the  number  of  possible  upgrades  to  those  with  VI15  equal  to  or 
greater  than  the  minimum  acceptable  VI15 . 

4.3.3  Determine  Design  Constraints  (Step  15) 

Based  on  existing  geometric,  environmental  and  lighting  conditions 
at  each  site,  the  user  may  wish  to  stress  a  particular  design  or  pre- 
serve certain  features  of  the  existing  lighting  system.   These  con- 
straints may  include  retaining  (or  changing)  some  of  the  existing  light- 
ing conditions  based  on  component  availability,  costs,  maintenance 
practices  or  energy  availability.   The  effect  is  to  limit  the  number  of 
possible  upgradings  to  those  that  meet  the  users  own  preferred  criteria 
or  specifications. 


*  All  steps  refer  to  the  Block  Diagram,  Figure  7 
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Area  Type 

population  Density 

Traffic  Volume 

Road  Width 

Surface  Type  (Reflectance  Table) 

Luminai re  Size/Type/Distribution 

Arrangement 

Spacing 

Mounting  Height 

Overhang 

Visibility  (VII 5) 


Figure  8.  Site  Characteristic  Checklist 
for  Upgraded  Systems 

4.3.4  Select  Possible  Lighting  System  Upgrades  (Step  16) 

The  selection  of  possible  upgrades  for  each  site  under  considera- 
tion can  be  accomplished  in  one  of  two  ways. 

1.  For  the  user  employing  the  VI  computer  program,  the 
methods  of  Section  2  are  used  to  generate  possible  light- 
ing upgrades  based  on  his  own  design  constraints  and  mini- 
mum acceptable  visibility.   The  computer  output,  illustrated 
in  Tables  1  and  3  of  Section  2  is  then  transferred  to  Work- 
sheet #6  (Table  31  of  Appendix  C)*  or 

2.  For  the  user  employing  the  FIRL  data  base,  he  reviews  the 
entries  in  Table  21  of  Appendix  A  to  select  those  systems 
meeting  his  design  and  minimum  visibility  constraints. 

In  either  of  the  above  cases,  the  result  is  a  list  of  possible 
upgrades,  with  complete  system  descriptions,  visibility  (VI15)  and  a 
user  assigned  case  number.   An  illustration  is  provided  in  Table  15. 

4.3.5  Determine  Upgrade  Costs  (Step  17) 


Three  methods  for  computing  costs  are  provided  for  the  prospective 


user , 


*  A  complete  set  of  Worksheets  is  provided  in  Appendix  C  for  upgraded 
systems. 
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4.3.5.1  User  Provided  Data 

In  this  first  method  the  user  must  provide  either  the  total  annual 
increased  costs  per  mile  for  each  possible  upgrade  or  at  a  minimum,  the 
individual  component  costs,  from  which  total  increased  annual  costs  may 
be  computed.   If  individual  component  costs  are  used  the  steps  to  be  fol- 
lowed include : 


1.  Determine  number  of  new  poles 

2.  Determine  initial  cost  for  new  pole 

3.  Determine  cost  for  new  luminaires 

4.  Determine  additional  wiring  costs 

5.  Determine  increased  maintenance  costs 

6.  Determine  increased  energy/power  costs 

7.  Calculate  increased  total  costs  per  mile 

(sum  of  2,  4,  4,  5  and  6  above) 

All  costs  include  labor  and  material  for  an  installed  item.   The  calcu- 
lations are  basically  the  same  as  those  described  in  Section  3.3.5.1 
except  that 

1.  Only  those  items  being  changed  (upgraded)  are  considered 

in  the  cost  calculations  (e.g.,  new  luminaires  or  additional 
poles) . 

2.  Only  changes  in  maintenance  costs  or  changes  in  energy  costs 
are  included  (may  be  positive  signifying  an  increase;  or 
negative  signifying  a  decrease) . 

3.  Either  the  existing  lighting  system  is  completely  paid  off, 
in  which  case  the  costs  to  upgrade  are  the  total  costs,  or 
the  existing  system  is  still  being  paid  for  and  the  upgrade 
costs  are  in  addition  to  the  existing  costs. 

4.3.5.2  FIRL  Provided  Date  (Component  only) 

In  this  case,  the  user  will  employ  our  component  costs,  presented 
in  Tables  5  through  9  in  Section  3.   The  method  and  restrictions  are 
the  same  as  described  in  Section  4.3.5.1  above,  except  that  FIRL  com- 
ponent costs  are  used. 

4.3.5.3  FIRL  Data  Base 

If  the  lighting,  road  geometry  and  environmental  conditions 
covered  in  the  FIRL  data  base  in  Appendix  A  meet  with  the  user  specifi- 
cations, then  total  system  costs  can  be  computed  from  the  individual 
"cost  per  uiile"  figures  of  Table  25  in  Appendix  A.   The  method  employs 
Worksheet  #7  (Table  32  of  Appendix  C)  and  proceeds  as  follows: 
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1.  Record  existing  system  code 

2.  Record  upgrade  code 

3.  Record  VI15  of  existing  system 

4.  Record  VI15  of  upgraded  system 

These  four  items  are  all  available  in  Table  21  of  Appendix  A  in  the 
FIRL  data  base.   The  following  items  would  be  recorded  from  the  data 
in  Table  25  of  Appendix  A. 

5.  Energy  use  of  existing  system 

6.  Energy  use  of  upgraded  system 

7.  Initial  costs  of  individual  items  in  each  upgraded  system 

(e.g.,  luminaires,  poles,  wiring) 

8.  Annual  costs  of  individual  items,  maintenance  and  energy 

9.  Total  Annual  Costs  of  each  upgraded  system  (total  of 

items  in  #8  above). 

An  example  of  this  upgrade  cost  data  is  illustrated  in  Table  16. 
4.3.6  Determine  Benefits  (Step  18) 

The  calculations  are  almost  the  same  as  those  presented  in  Section 

3.3.6  except  two  calculations  must  be  made,  instead  of  one. 

1.  Benefits  of  existing  system  (Bo) 

2.  Benefits  of  Upgraded  system  (Bl) 

The  actual  benefits  B,  derived  from  an  upgrade  is  determined  from 
the  equation: 

B  =  Bl  -  Bo 

which  is  positive  for  upgradings  with  higher  VI15  and  negative  for  up- 
gradings  with  lower  VI15. 

The  assumptions  concerning  accident  rates,  accident  costs  etc.  were 
described  in  Section  3.3.6.   Table  11  from  that  section  provides  the 
basic  benefit  for  the  user  employing  the  FIRL  data  base  as  well  as  the 
regression  equation  relating  accident  rate  to  visibility  which  is 
employed  if  the  user  desires  to  employ  his  own  accident  cost  data.   In 
this  latter  case,  the  user  will  generate  his  own  table  equivalent  to 
Table  11  by  completing  Worksheet  #8  (Table  33  in  Appendix  C) . 

4.3.7  Determine  Benefit-Cost  Ratios  (Step  19) 

As  in  Section  3.3.7,  Benefit-cost  ratio  for  each  upgrade  is  com- 
puted by  dividing  the  total  annual  benefits  computed  in  Section  4.3.6 
by  the  total  annual  costs  computed  in  Section  4.3.7.   Worksheet  #9 
(Table  34  of  Appendix  C)  is  then  completed  by  recording  the  appropriate 
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data  in  Worksheets  #7  and  #8.   An  example  is  presented  in  Table  17. 

4.4  OPTIMIZATION  ANALYSIS 

The  methodology  is  exactly  the  same  as  that  presented  in  Section 

3.4  except  that  the  user  must  complete  Worksheet  #10  (Table  35  of  Appen- 
dix C)  by  combining  the  entries  from  the  previous  four  worksheets  in 
Appendix  C.  Table  18  presents  an  example  of  the  results  obtained  after 
completing  Worksheet  #10.  Steps  20  through  24  of  Figure  4  are  identical 
to  Steps  9  through  13  described  in  Sections  3.4.1  through  3.4.4  and 
will  not  be  repeated.   The  sample  problems  that  follow  will  provide 
examples  of  the  methodology. 

4.5  SAMPLE  PROBLEMS 

For  the  following  sample  problems,  all  data  was  drawn  from  the  FIRL 
data  base  in  Appendix  A.   If  the  prospective  user  employs  the  VI  program 
or  provides  his  own  lighting  cost  or  benefit  data  he  would  generate  his 
own  data  base  by  completing  the  worksheets  in  Appendix  C. 

Example  1 

Existing  Conditions 

Area  Type:  CBD 

Population  Density:  30,000  persons  per  square  mile  (11,700 

persons  per  square  kilometer) 

Traffic  Volume:  20,000  VPD 

Road  Width:  60  ft.  (18.3m) 

Surface  Type:  New  asphalt 

Luminaire :  400M 

Arrangement :  Staggered 

Spacing:  200  ft.  (61.0m) 

Mounting  Height:  30  ft.  (9.1m) 

Pole  Type:  Metal 

Overhang:  11  ft.  (3.5m) 

Visibility  (VI15) :  4.6 

Possible  Upgradings 

1.  400M ?  400HPS 

2.  400M  *  150HPS 

3.  200  ft.  (61.0m)  *  100  ft.  (30.5m)  spacing 

4.  Combination  of  1  and  3 

5.  Combination  of  2  and  3 

Table  18  illustrates  the  data  described  above.   The  optimum  upgrade 
would  be  that  design  with  highest  benefit-cost  ratio.   It  is  Case  243 
for  this  example. 
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Example  2 

Existing  Conditions:   Same  as  example  1, 
Possible  Upgradings:   Same  as  example  1. 

Constraints : 

Design:  None 

Visibility:  Minimum  acceptable  VI15  =  10 

Accident:  25%  reduction 

Economic:  Total  increased  costs  less  than  $2,000. 

Energy:  Total  energy  use  less  than  0.5x10^  kwh 

An  optimum  design  will  be  derived  for  each  constraint  separately,  then 
in  combination. 

Combination 

1.  Visibility 

The  optimum  design  is  Case  213  with  a  VI15  =13.2. 
Case  107  has  a  higher  VI15  (17.7)  but  the  Benefit- 
cost  ratio  is  less  than  1.   Similarly,  Case  243  has 
a  higher  Benefit-cost  ratio,  but  its  VI15  is  less 
than  10. 

2.  Accident 

Case  213  is  optimum  with  a  31%  accident  reduction  and 
Benefit-cost  ratio  =  1.13. 

3 .  Economic 

Case  243  is  optimum  with  an  increased  cost  of  $1172  and 
a  Benefit-cost  ratio  =  1.65.  Case  137  is  only  slightly 
less  good  with  a  Benefit-cost  ratio  =  1.61. 

4 .  Energy 

Case  243  is  the  only  solution,  with  annual  energy  use  = 
0.319x10  kwh  and  Beneift-cost  ratio  =1.65. 

5.  Combined 

There  is  no  solution  for  all  four  constraints  taken 
simultaneously.   Case  213  will  satisfy  constraints  1 
and  2  while  Case  243  will  satisfy  constraints  3  and  4. 
No  case  will  satisfy  three  constraints. 

Example  3 

Existing  Conditions 

Area  Type  Other 
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Population  Density: 

Traffic  Volume: 
Road  Width: 
Surface  Type: 
Luminaire : 
Arrangement : 
Spacing: 

Mounting  Height : 
Pole  Type: 
Overhang : 
Visibility  (VI15): 


30,000  persons  per  square  mile  (11,700 

persons  per  square  kilometer) 

20,000  VPD 

30  ft.  (9.1m) 

New  asphalt 

175M 

Single  Sided 

200  ft.  (61.0m) 

25  ft.  (7.6m) 

Wood 

5  ft.  (1.5m) 

1.3 


Possible  Upgradings 


1.   175M 


-^  150HPS 


2.  200  ft.  (61.0m)  ^100  ft.  (30.5m)  spacing 

3.  Combination  of  1  and  2 

4.  25  ft.  (7.6m)  ?  30  ft.  (9.1m)  mounting  height 

5.  Combination  of  1  and  4 

Table  19  illustrates  the  data  described  above. 

The  optimum  upgrade  would  be  that  design  with  highest  Benefit-cost 
ratio.   It  is  Case  373  for  this  example. 

Example  4  -  Same  Existing  Conditions  as  Example  3. 

Constraints: 

Design:  Use  HPS 

Visibility:  None 

Accident:  25%  reduction 

Economic:  Total  increased  costs  less  than  $2000 

Energy:  Total  energy  use  less  than  0.3x10-*  kwh 

An  optimum  design  will  be  derived  for  each  constraint  separately, 
then  in  combination. 


1.  Design: 

2.  Visibility: 

3.  Accident: 

4 .  Economic : 

5 .  Energy : 

6.  Combined: 


Case  268 

Case  268 
Case  268 
Case  268 
Case  268 


4.6  EFFECT  OF  MORE  EFFICIENT  OR  REDUCED  USE  OF  ENERGY  ON  TRAFFIC  SAFETY 

As  a  result  of  recent  energy  shortages  and  energy  conservation  pro- 
grams, many  communities  are  seeking  ways  to  reduce  their  energy 
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consumption.   One  obvious  method  is  by  using  more  efficient  sources  of 
illumination  for  roadway  lighting.   Others  may  include  reducing  the 
number  or  size  of  roadway  luminaires  or  even  the  entire  rebuilding  of 
lighting  systems  with  more  efficient  combinations  of  spacings,  heights, 
arrangements  and  types  of  luminaires.   However,  before  such  changes  are 
made,  those  responsible  for  system  moficiations  should  know  the  impact 
of  the  proposed  lighting  changes  on  visibility  and  traffic  safety. 

This  section  will  describe  how  the  methodology  of  Sections  3.4  and 
4.4  (Optimization)  can  be  applied  to  select  lighting  system  upgrades 
with  reduced  or  more  efficient  energy  use  and  then  to  determine  the 
effect  of  this  reduction  in  energy  use  on  traffic  safety.  The  only  up- 
graded systems  that  will  be  considered  at  each  site  will  be  those  whose 
energy  use  is  less  than  the  existing  lighting  system. 

4.6.1  Methodology 

The  methodology  is  built  around  the  users'  completion  of  Worksheet 
#11  (Table  36  in  Appendix  C) .  The  data  required  for  this  worksheet  in- 
cludes 

1.  Existing  System  Code 

2.  Reduced  Energy  Options 

3.  Case  Numbers 

4.  Energy  Use  of  Options 

5.  Energy  Changes  (absolute) 

6.  Energy  Changes  (%) 
8.  VI15  of  Options 

8.  VI15  Changes  (%) 

9.  Area  Type 

10.  Density 

11.  Volume 

12.  Accident  Rates 

13.  Changes  in  Accident  Rates 

Of  the  13  items  above,  each  reduced  energy  option  may  be  user  developed 
(e.g.,  using  the  VI  program)  or  selected  from  the  FIRL  data  base  in 
Appendix  A.   In  either  case  most  of  the  methodology  is  the  same  as 
described  previously.   Items  1,  2,  3,  4,  7,  9,  10  and  11  were  all  de- 
rived from  Worksheet  #9.   The  remaining  items  are  calculated  as  follows: 

Energy  change  (#5)  =  Energy  use  of  existing  system  -  energy  use 

of  option 

Energy  change  (#6)  = 


Energy  use  of  existing  system 


tttic  ,      ,,,0.    VI15  (Existing)  -  VI15  (Option) 

VI15  change  (#8)  =  * —     ° ;  .   . r-^ '- 

VI15  (Existxng) 
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Change  in  accident  rate  (#3)  = 

Accident  rate  of  existing  system  -  Accident  rate  of  option 
Accident  rate  of  existing  system 

Table  20  illustrates  the  results  which  would  be  obtained  after  complet- 
ing the  above  items. 

4.6.2  Sample  Problems 

Example  1  -  Find  the  most  energy  efficient  lighting  option  for  a 
system  consisting  of: 

Area  Type  =  CBD 

Population  Density  =  30,000  persons  per  square  mile 

Traffic  Value  =  20,000  VPD 

Road  Width  =  60  ft. 

Arrangement  =  Opposite 

Spacing  =  100  ft. 

Mounting  Height  =  30  ft. 

Luminaire  =  400M 

Options  that  will  be  considered  include: 

1.  400  »  150HPS 

2.  100  ft.  (30.5m)  >   200  ft.   (61.0m)  Spacing 

3.  400M >  400HPS  plus  #2 

4.  400M  >  150HPS  plus  #2 

Table  20  provides  all  the  relevant  data  required  for  analysis  of 
this  sample  problem.   The  most  energy  efficient  upgrade  is  Case  #223 
which  provides  an  81%  reduction  in  energy  use  (saving  1.385x10^  kwh/ 
mile).   The  effect  of  this  change  is  to  increase  accident  rate  by  23%. 

Example  2  -  For  the  same  system  as  in  Case  1,  find  the  most  energy 
efficient  upgrade  that  will  not  increase  accident  rate. 

5 
Case  213  provides  a  63%  reduction  in  energy  use  (1.065x10  kwh/mile) 

with  an  18%  decrease  in  accident  rate. 

Example  3  -  Find  the  most  energy  efficient  lighting  option  for  a 
system  consisting  of: 

Area  Type         =  CBD 

Population  Density  =  30,000  persons  per  square  mile 

Traffic  Volume     =  20,000  VPD 

Road  Width         =  30  ft. 

Arrangement        =  Staggered 

Spacing  =  100  ft. 
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Mounting  Height      =  30  ft. 
Luminaire  =  400M 

Options  that  will  be  considered  include: 

1.  400M  >150HPS 

2.  Staggered  ^1-sided 

3.  400M  M00HPS  plus  #2 

4.  400M  ?150HPS  plus  #2 

Table  20  provides  all  the  relevant  data  for  this  analysis.   The 
most  energy  efficient  lighting  system  is  Case  258  which  provides  an  81% 
reduction  in  energy  use  (a  saving  of  1.385x10-*  kwh/mile)  with  an  in- 
crease in  accident  rate  of  26%. 

Example  4  -  For  the  same  condition  as  in  Example  3,  find  a  reduced 
energy  option  which  does  not  increase  accident  rate.   Case  298  provides 
a  65%  reduction  in  energy  use  (1.865X10-5  kwh/mile)  with  no  increase  in 
accident  rate. 
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APPENDIX  A 
FIRL  Data  Base 

This  appendix  contains  the  data  base  generated  by  the  VI  computer 
program  of  Section  2,  the  regression  equation  of  Section  3,  NHTSA 
average  accident  costs  and  the  input  conditions  described  in  Section  3 
of  this  report.   In  addition,  the  last  table  provides  average  "per  mile" 
costs  for  the  components  of  lighting  systems  based  on  data  obtained  and 
analyzed  by  FIRL.   The  use  of  this  data  base  is  described  in  Sections 
3  and  4  of  this  guide. 
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APPENDIX  B 

Worksheets  For  New  Lighting  Systems 

This  appendix  contains  six  worksheets  which  can  be  used  in  con- 
junction with  the  methodology  in  Section  3  of  this  guide  to  select 
lighting  systems  for  urban  arterial  streets.   It  is  suggested  that  the 
prospective  user  make  copies  as  needed  for  each  use  of  this  guide  and 
retain  the  originals  for  further  use. 
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APPENDIX  C 

Worksheets  For  Upgraded  Ligh  ing  Systems 

This  appendix  contains  five  worksheets  which  can  be  used  in  con- 
junction with  the  methodology  in  Section  4   f  this  guide  to  select 
upgraded  lighting  systems  for  urban  arterie   streets.   It  is  suggested 
that  prospective  users  make  copies  as  neede  for  each  use  of  this  guide 
and  retain  the  originals  for  further  use. 
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